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Abstract 
Soil health is defined by productivity, such as forage growth and weight gains for 
grazing animals. An indicator for soil health, if available, would comprise of measurements 
on soil that would allow advanced prediction. Microbial biomass carbon (MBC) is a 
measurement of the quantity of microbes in soil, estimated by fumigation of soil by 
chloroform and extraction of the soluble carbon released. Given the microbes contribute 
to the success of plant growth, MBC was evaluated as a possible indicator for soil health 
under two grazing systems, continuous and planned, in a replicated and randomized field 
experiment. From theory, planned grazing is expected to generate greater soil health, 
because of a longer forage rest period combined with low selectivity of grazing. Values of 
MBC corresponding to 2.1% of total soil organic carbon (SOC) for the trial were consistent 
with values for grasslands reported across the North America and Europe. Over two years 
following establishment of the grazing trial, no difference in MBC could be discerned 
between grazing treatments. This outcome means that either MBC fails as an indicator of 
soil health, or else that more time is needed for differences in soil health, if there are any, 
to emerge between the two treatments. The second interpretation seems likely, because 
no differences in forage or animal production for the experimental site could be found in 
available data from related studies. Soil clay content varied from 5-30% across the 
experiment and increasing clay in soil was associated with a linear reduction in MBC and 
microbial biomass nitrogen (MBN). Most likely, this outcome relates to shielding by clays, 
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which separates microbes from the organic matter they utilize, leading to a reduced 
quantity of microbes. Where possible, bulking of soil samples to average across textural 
variability should be employed to maximize sensitivity of MBC in attempts to discern any 
expected differences in soil health. 
 
v 
 
Acknowledgments 
 I would like to give a big thank you to my supervisor Dr. Terence McGonigle for 
introducing me to the intricate world of soil. Though I first had interest in plants and 
animals, through his guidance I learned that nurturing soil is the first step to efficient 
conservation.  
 I would like to thank my committee members, Dr. Pete Whittington and Dr. Brian 
Cassone for their guidance and encouragement through-out my project. This project was 
supported and funded by Manitoba Beef and Forage Initiative (MBFI). Thank you to the 
MBFI staff that provided help and assistance out in the field when needed.  
 I owe the success of this project to the wonderful field assistants and friends that 
helped me collect my samples. Brendan Chin, Kathryn Barr, Sabrina McCutcheon, and 
Vanessa Rosenkranz: thank you for all your help. I would have never been able to figure 
out the laboratory machines and methods if it was not for Jennifer Wasko. There were 
many days in the laboratory where we spent pulling our hair out together over results. 
Thank you for your patience and kindness.  
 Thank you to my family and friends for your support. Thank you to my mom, Terry 
Liddle, for always believing in and encouraging me. Thank you to my dad, Kelly Liddle, who 
taught me to never give up and kept me on the right track. My grandpa, Norman Liddle, 
and my late-grandma Dee Liddle, thank you both for the financial and emotional support 
through-out my schooling. I cannot forget about my furry family members, thank you for 
always making my day just a little brighter. 
vi 
 
Thesis Format and Accomplishments 
The presented thesis was prepared in a manuscript format. The thesis is comprised 
of four chapters. Chapter One consists of the previous research conducted on microbial 
biomass, implications of soil texture, and introduces the affects of grazing on the prairies. 
Chapters Two and three are written as manuscripts. The conclusion of the research is 
presented in Chapter Four.  
Chapter Two: The use of microbial biomass as an indicator of soil health under two cattle 
grazing treatments and disturbance on the Canadian prairies 
Chapter Three: The effect of clay, silt, and sand content on microbial biomass and soil 
organic carbon under continuous and planned cattle grazing regimens 
 Kaylin Liddle presented preliminary research on “Soil microbial biomass as an 
indicator of soil health” in poster format, at the 61st Annual Manitoba Soil Science Society 
Meeting held on February 1st and 2nd 2018, in Winnipeg, Manitoba. 
vii 
 
Table of Contents 
Thesis Approval Page ............................................................................................................. iii 
Authorship Statement ............................................................................................................ ii 
Abstract .................................................................................................................................. ii 
Acknowledgments .................................................................................................................. v 
Thesis Format and Accomplishments .................................................................................... vi 
List of Figures ......................................................................................................................... ix 
Table of Tables ....................................................................................................................... xi 
1. Chapter One: Literature Review ..................................................................................... 1 
1.1. The Importance of Soil ............................................................................................. 1 
1.2. Soil Health ................................................................................................................ 2 
1.3. Measuring Soil Health .............................................................................................. 5 
1.4. Soil Microbial Biomass as an Indicator .................................................................... 9 
1.5. Microbial Biomass Extraction Methods ................................................................. 11 
1.6. The Prairies and Grazing ........................................................................................ 13 
1.7. Grazing Systems ..................................................................................................... 15 
1.8. Affects of Pasture Grazing on Microbial Communities.......................................... 18 
1.9. The Affects of Soil Texture on Microbial Communities ......................................... 19 
1.10. Research Objectives ........................................................................................... 22 
2. The use of microbial biomass as an indicator of soil health under two cattle grazing 
treatments and disturbance on the Canadian prairies ........................................................ 23 
2.1. Chapter Summary .................................................................................................. 23 
2.2. Introduction ........................................................................................................... 24 
2.2.1. Soil health ....................................................................................................... 24 
2.2.2. Soil organic matter and microbial Biomass .................................................... 26 
2.2.3. Microbial Biomass as an Indicator .................................................................. 28 
2.2.4. Agricultural impacts ........................................................................................ 30 
2.2.5. Objectives ....................................................................................................... 32 
2.3. Materials and Methods .......................................................................................... 32 
2.3.1. Description of the Study Site .......................................................................... 32 
viii 
 
2.3.2. Materials and Methods for Experiment One ................................................. 34 
2.3.3. Materials and Methods for Experiment 2 ...................................................... 36 
2.3.4. Materials and Methods used for Experiments 1 and 2 .................................. 38 
2.4. Results .................................................................................................................... 40 
2.4.1. Experiment One .............................................................................................. 40 
2.4.2. Experiment Two .............................................................................................. 45 
2.5. Discussion .............................................................................................................. 45 
2.5.1. Experiment One .............................................................................................. 45 
2.5.2. Experiment Two .............................................................................................. 49 
2.6. Conclusion .............................................................................................................. 50 
3. The effect of soil texture on microbial biomass and soil organic carbon under 
continuous and planned cattle grazing regimens ................................................................ 78 
3.1. Chapter summary .................................................................................................. 78 
3.2. Introduction ........................................................................................................... 79 
3.3. Microbial Biomass and Soil texture ....................................................................... 82 
3.3.1. The Effect of Clays .......................................................................................... 83 
3.4. Materials and Methods .......................................................................................... 88 
3.4.1. Soils ................................................................................................................. 89 
3.4.2. Clay Content Analysis ..................................................................................... 89 
3.4.3. Statistical Analysis .......................................................................................... 90 
3.5. Results .................................................................................................................... 90 
3.5.1. Clay content of the study site ......................................................................... 90 
3.5.2. The relationship between soil organic carbon and clay ................................. 92 
3.6. Discussion .............................................................................................................. 92 
3.7. Conclusion .............................................................................................................. 95 
4. Conclusion .................................................................................................................. 106 
5. References .................................................................................................................. 110 
Appendices ......................................................................................................................... 123 
 
 
ix 
 
List of Figures 
Figure 2-1. Map of Brookdale Farm showing the replicates and the layout of the study. 
Areas outlined in red were designated Continuous, and areas outlined in yellow were 
designated as Planned areas. Blue lines showed where the replicates for Continuous 
ended. ................................................................................................................................... 62 
Figure 2-2. Box plot graph of total MBC in Collection I for each replicate; n = 40............... 63 
Figure 2-3. Box plot graphs of total MBC in Collection I for each treatment; n = 120. ........ 64 
Figure 2-4. Box plot graphs of Collection I MBN per replicate; n = 40. ................................ 65 
Figure 2-5. Box plot graphs of Collection I MBN per treatments continuous and planned; n 
= 120. .................................................................................................................................... 66 
Figure 2-6. Box plot graphs of total MBC/MBN in Collection I from treatments planned and 
continuous for each replicate; n = 40. .................................................................................. 67 
Figure 2-7. ............................................................................................................................. 68 
Figure 2-8. (A) MBC in relation to MBN using Collections I and II. The relationship y = 325.4 
+ (6.5 * x) was significant (P < 0.001) by regression analysis of variance, with r2 = 0.50; n = 
252. ....................................................................................................................................... 69 
Figure 2-9. Box plot graphs of total SOC in Collection I for each replicate; n = 40. ............. 70 
Figure 2-10. Box plot graphs of total SOC in Collection I for each treatment; n = 120. ....... 71 
Figure 2-11. Box plot graphs of MBC/SOC in Collection I for each replicate; n = 40. .......... 72 
Figure 2-12. Box plot graphs of MBC/SOC in Collection I for each treatment; n = 120. ...... 73 
Figure 2-13. MBC in relation to SOC combined for Collections I, II, and III. The relationship 
y = 82.3 + (21.4 * x) was significant (P < 0.001) by regression analysis of variance, with r2 = 
0.21; n = 294. ........................................................................................................................ 74 
Figure 2-14. Box plot graphs of cattle average daily weight gain (kg) for planned and 
continuous grazing treatments for 2017; n = 25 for continuous and n = 24 for planned. 
Data of Iwanchysko (personal communication). .................................................................. 75 
Figure 2-15. Box plot graphs of calf average daily weight gain (kg) for planned and 
continuous grazing treatments for 2017; n = 25 for continuous and n = 24 for planned. 
Data of Iwanchysko (personal communication). .................................................................. 76 
Figure 2-16. Box plot graphs for average forage yield (kg ha-1) in 2016 for Planned and 
Continuous grazing regimens; n = 6. Data of Iwanchysko (personal communication). ....... 77 
Figure 3-1. Box plot graph for clay content of Collection I per replicate; n = 40. .............. 100 
Figure 3-2. Box plot graphs for clay content of Collection I per treatment; n = 120. ........ 101 
Figure 3-3. (A) Decrease of microbial biomass carbon in response to soil clay content for 
Collection I. The relationship y = 1661 + (-28.4 * x) was significant (P = < 0.000) by 
regression analysis of variance, with r2 = 0.08; n = 240. (B) Increase of microbial biomass 
carbon in response to soil clay for Collection II. The relationship y = -494 + (99.6* x) was 
significant (P = 0.034) by regression analysis of variance, with r2 = 0.37; n = 12. (C) 
Microbial biomass carbon in response to soil clay content for Collection III The relationship 
x 
 
y = 1247.6 + (-14.9 * x) was not significant (P = 0.103) by regression analysis of variance, 
with r2 = 0.065; n = 42. ....................................................................................................... 102 
Figure 3-4. (A) Decrease of MBN in response to soil clay content for Collection I. The 
relationship y = 223.7 + (-5.6 * rate) was significant (P = < 0.001) by regression analysis of 
variance, with r2 = 0.26; n = 240. (B) Microbial biomass nitrogen in response to soil clay 
content for Collection II. The relationship y = 10.23 + (6.8 * rate) was not significant (P = 
0.357) by regression analysis of variance, with r2 = 0.09; n = 240. .................................... 103 
Figure 3-5. (A) Decrease of soil organic carbon in response to soil clay content for 
Collection I. The relationship y = 59.2 + (-0.58 * x) was significant (P = < 0.001) by 
regression analysis of variance, with r2 = 0.07; n = 240. (B) Soil organic carbon in response 
to soil clay content for Collection II. The relationship y = 50.9 + (0.3 * x) was not significant 
(P = 0.873) by regression analysis of variance, with r2 = 0.003; n = 12. (C) Soil organic 
carbon in response to soil clay content for Collection III. The relationship y = 52.2 + (0.02 * 
x) was not significant (P = 0.944) by regression analysis of variance, with r2 = 0.0001; n = 
42. ....................................................................................................................................... 104 
Figure 3-6. (A) Decrease of the ratio of microbial biomass to soil organic carbon in 
response to soil clay content for Collection I. The relationship y = 2.87 + (-0.03 * x) was 
significant (P = 0.001) by regression analysis of variance, with r2 = 0.03; n = 240. (B) 
Increase of the ratio of microbial biomass to soil organic carbon in response to soil clay 
content for Collection II. The relationship y = -0.96 + (0.2 * x) was significant (P = 0.036) by 
regression analysis of variance, with r2 = 0.37; n = 12. (C) The ratio of microbial biomass to 
soil organic carbon in response to soil clay content for Collection III. The relationship y = 
2.4 + (-0.03 * x) was not significant (P = 0.071) by regression analysis of variance, with r2 = 
0.08; n = 42. ........................................................................................................................ 105 
 
xi 
 
Table of Tables 
 
Table 2-1. Percentage cover of the eight most abundant forage species at Brookdale in 
July 2017 in relation to grazing regime that is Continuous (C) or Planned (P), as well as 
cover for total green foliage and standing dead. Probabilities (Pr) are given for the 
comparison of grazing treatments as assessed by analysis of variance for log(x+1) 
transformed data. Means for the three species absent from Replicate C and Replicate D 
were recalculated with omission of these replicates. Data of Rosenkranz and McGonigle 
(unpublished). ....................................................................................................................... 52 
Table 2-2. Descriptive statistics table of MBC, MBN, MBC/MBN, SOC, MBC/SOC for 
Collection II per replicate. .................................................................................................... 53 
Table 2-3. Descriptive statistics table of MBC, SOC, MBC/SOC for collection date August 24 
2017 of Collection III per replicate. ...................................................................................... 54 
Table 2-4. Descriptive statistics table of MBC, SOC, MBC/SOC for collection date 
September 2 2017 of Collection III per replicate. ................................................................ 55 
Table 2-5. Descriptive statistics table of MBC, SOC, MBC/SOC for collection date October 1 
2017 of Collection III per replicate. ...................................................................................... 56 
Table 2-6. Descriptive statistics table of MBC, MBN, MBC.MBN, SOC, MBC/SOC for 
Collection II per treatment. .................................................................................................. 57 
Table 2-7. Descriptive statistics table of MBC, SOC, MBC/SOC for collection date August 
24, 2017 of Collection III per treatment. .............................................................................. 58 
Table 2-8. Descriptive statistics table of MBC, SOC, MBC/SOC for collection date 
September 2, 2017 of Collection III per treatment. ............................................................. 58 
Table 2-9. Descriptive statistics table of MBC, SOC, MBC/SOC for collection date October 1, 
2017 of Collection III per treatment. .................................................................................... 59 
Table 2-10. Soil analyses for the control and rototilled plots of collections IV (6 July 2017) 
and V (23 August 2017); n = 20 for July and n=18 for August. ............................................. 60 
Table 2-11. Brandon Airport weather station Canadian Climate data for the growing 
season (May – September) for the years 2016 and 2017. Obtained from Government of 
Canada, Monthly Climate Summaries. ................................................................................. 60 
Table 2-12. Brandon Airport weather station Canadian Climate Normals data for the years 
1981 – 2010. Obtained from Government of Canada, Monthly Climate Summaries. ......... 61 
Table 3-1. Table Descriptive statistics table of clay content for Collection II. ..................... 97 
Table 3-2. Descriptive statistics table of clay content for collection date August 24, 2017 of 
Collection III per replicate. ................................................................................................... 97 
Table 3-3. Descriptive statistics table of clay content for collection date September 2, 2017 
of Collection III per replicate. ............................................................................................... 97 
Table 3-4. Descriptive statistics table of clay content for collection date October 1, 2017 of 
Collection III per replicate. ................................................................................................... 98 
xii 
 
Table 3-5. Descriptive statistical table of Collection II clay content per treatment............. 98 
Table 3-6. Descriptive statistics table of clay content for collection date August 24, 2017 of 
Collection III per treatment. ................................................................................................. 98 
Table 3-7. Descriptive statistics table of clay content for collection date September 2, 2017 
of Collection III per treatment. ............................................................................................. 98 
Table 3-8. Descriptive statistics table of clay content for collection date October 1, 2017 of 
Collection III per treatment. ................................................................................................. 99 
1 
 
1. Chapter One: Literature Review 
1.1. The Importance of Soil 
Soil is an important part of the Earth’s biosphere. Land-based ecosystems rely on 
soil as the medium on which plants grow. Soil provides three important ecological 
functions, which are the formation of microbe biomass, purification properties, and 
habitat for plants and animals (Doran et al. 1996). Soil is considered to most as “living” 
because of the high density of living organisms in just one teaspoon of soil. Minerals and 
organic matter (OM), along with water and air, are the basic components of soil. On 
average, 100 to 400 years are needed for one centimetre of topsoil to form from the 
interactions of climate and animals on the parent material present on the landscape 
(Doran et al. 1996). 
The functions of soil are an important resource to humans. The surface of soil 
provides space for residential and industrial development. Raw materials, such as clay, 
sand, and minerals, are excavated from soil. Groundwater reservoirs are an essential 
supply of water for humans. Millennium Ecosystem Assessment (2005) describes soil as 
providing ecosystem services such as food, water, and fibre; regulating services like flood 
mitigation, climate regulation and water purification; cultural services that provides 
recreation, educational, spiritual, and aesthetic experiences; and supporting services like 
primary production and nutrient cycling (Zornoza et al. 2015). 
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The need to conserve and preserve soil and its ecosystem services has become 
quite important (National Research Council, 1993). Human activities and agriculture can 
damage soils. Degradation of soil can occur in the form of erosion, disturbance, pollution, 
and compaction caused by farming practices such as tillage or livestock grazing. This 
degradation not only impacts the ability of soil to provide ecosystem services, but it also 
damages agricultural productivity (National Research Council, 1993). Proper land 
management that focuses on soil conservation is key when dealing with soil degradation. 
The conservation of soil, and its ecosystem services, should be at the forefront of any land 
management design. 
1.2. Soil Health 
Soil health and soil quality are often discussed as one of the same. However, there 
are some important differences. Soil health often specifically refers to the living 
components of the soil. These components include: microbial communities, plant roots, 
invertebrates, and other animals involved in residue decomposition and establishment of 
soil structure. The ability to cycle nutrients influences the soils productivity and thus 
influences animals and plants that rely on the soil. Agricultural producers use the term soil 
health, because it refers more to the productivity of the soil in terms of crops, livestock, 
and pasture (Doran et al. 1996). A healthier soil promotes increased productivity in plants 
and animals and its ecosystem services. Soil quality is the term that refers to the soil 
characteristics, such as the physical, chemical, and biological properties. This term is 
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typically preferred by scientists when discussing the composition of the soil on a material-
level (Doran et al. 1996). Ecosystems, biological productivity, and environmental quality 
are all influenced by soil health, making it an important topic researched by scientists 
(Doran & Zeiss 2000).  
Soil health is defined by Doran et al. (1996) as: “the continued capacity of soil to 
function as a vital living system, within ecosystem and land-use boundaries, to sustain 
biological productivity, maintain the quality of air and water environments, and promote 
plant, animal, and human health.” The definition is broad and describes the complexity of 
soil health. There are many factors and linkages involved between the functions of soil 
and the ecosystem services it provides (Bünemann et al., 2018). Deciding on which 
variables to test for soil health can be difficult because each one is important. From an 
anthropogenic perspective, healthy soil increases productivity, which is desirable for 
agriculture and provides ecosystem services that are difficult to automate and manage by 
humans. In addition, some soils accumulate SOM when decay is slow. This retention or 
sequestration of carbon (C) can have impacts on the greenhouse effect (Brady & Weil 
2013). 
Soil species diversity and abundance is also important in soil health. The more 
diverse a soil system, the more ecosystem services it can provide. Typically, soil health and 
species diversity go together. The healthier the soil, the more diverse the species of flora 
and fauna that can be supported (Nunes et al. 2012). As the land and soil become 
degraded, by agricultural use, changes in the soils physical and chemical properties reduce 
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the soil fertility. The biological properties, such as those provided by the microbial 
communities, decrease in number. In turn, provision of ecosystem services is reduced. 
Due to an increase in the desire to manage land more sustainably, and a desire to 
increase production, the methods to measure soil health and soil quality are constantly 
being reviewed and improved. Soil is recognized as a living system, and so many have 
taken to a more biological approach to measuring soil health (Creamer et al. 2014). Some 
examples of biological indicators for soil health are: the quantification of species diversity 
within functional classes (Ferris & Tuomisto 2015), soil basal respiration (Creamer et al. 
2014), microbial mineralization rates (Bhowmik et al. 2016), and microbial biomass (Balota 
et al. 2003; Powlson & Jenkinson 1981a; Powlson et al. 1987). Microorganisms work well 
as biological indicators because of their fast turn-over rate. Therefore, any changes to soil 
management can be measured quickly.  
Grazing and pasture systems have also adopted new management systems to 
encourage sustainability for the health of soil. Proper management has been shown to 
increase production, biodiversity, and the nutritional quality of forage (Banerjee et al. 
2000). Soil management practices, such as zero-till, rotational grazing, crop rotation, and 
proper application of biocides have the greatest affect on soil health. Therefore, a soil 
health indicator must be economical and the information it provides should lead to 
development of sustainable soil management practices. 
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1.3. Measuring Soil Health 
Quantification of soil health either measures production itself or a soil property as 
an indicator. The ability to quantify soil health is important in understanding agricultural 
production, ecosystem services, and soil remediation. Assessment of production, from the 
agricultural perspective, normally measures vegetation growth or animal weight gains. 
This measurement gives results for current production but cannot give predictions for the 
future seasons. Using a soil property as an indicator allows for predications, and the 
measurements can take place outside of the growing season. Soil organic carbon (SOC) 
and pH are two of the most commonly used indicators in agricultural soil health research 
(Zornoza et al. 2015). Climate is assumed to affect vegetation production and 
decomposition rates, but it is not a property of the soil. If the essential components that 
promote healthy soil are not present, such as barren soil, then climate has little affect. 
Therefore, it is essential to use a soil property as an indicator for soil health. 
Biological or living components of the soil such as plant productivity, plant biomass 
or standing crop, root growth, microbial communities, and soil fauna diversity, have also 
been used as a measure for soil health. The measurement of plant growth and production 
is extremely important for assessment of soil health. As plants are the primary source of 
OM, having healthy plant growth above and below the soil is vital. Standing crop is a 
measurement that gives the best idea of how much plant material is present. Standing 
crop at a given time is the amount of biomass collected by clipping vegetation in a 
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designated quadrat, often expressed as kg m-2. To measure plant productivity, a 
measurement of standing crop is taken at two different times during the season. Typically, 
one measurement is taken at the beginning of the season, and another at the end. The 
difference divided by the time interval is the productivity, typically expressed as kg m-2 yr-1 
(Collins & Weaver 1988). Plant biomass is important for determining how much vegetation 
is available for herbivory, and this available vegetation is referred to as the forage yield.  
Root growth is impacted by the compaction of soil, which is commonly measured 
as bulk density. As bulk density increases, the roots have difficulty penetrating the soil 
(National Research Council, 1993). Productivity is typically measured by plant mass or 
weight gain by livestock. Microbial communities, due to their role in decomposing OM, are 
also important in soil health. Simply put, the more microbes present, the higher the 
decomposition rate, and the greater the mineralization of essential nutrients, such as 
nitrogen and phosphorus, for plants to capture.  
Microbial communities, composed of the fungi and bacteria in the soil, and often 
referred to as the microbial biomass, are utilized in important ways to assess soil health. 
The measurement of soil microbial respiration and mineralization is accepted as a 
common key indicator for measuring soil health and quality (Creamer et al. 2014). The 
steady rate of respiration by soil microbes, referred to as soil basal respiration, is 
estimated by either the carbon dioxide (CO2) evolution or oxygen (O2) uptake (Creamer et 
al. 2014). Typically, soil basal respiration refers to the initial rate of respiration. However, 
respiration can also describe a response to imposed change.  
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Other indicators that utilize microbes is soil microbial biomass carbon (MBC) and 
microbial biomass nitrogen (MBN). MBC and MBN refer to the measurable organic C and 
N from microbial biomass (Vance et al. 1987). The more MBC and MBN, the more 
microbes present, which suggests greater decomposition and mineralization rates. Higher 
mineralization rates suggest that plants would have more available nutrients, which would 
lead to higher plant productivity. MBC and MBN have been found to reflect the changes in 
land use. MBC and MBN have been shown to decrease under land-use practices known for 
causing soil degradation (McGonigle & Turner 2017). 
For example, Ferris and Tuomisto (2015) found diversity of nematode species 
within the soil was more important for soil health than the mere number of individuals 
present. Nematode assemblages as they related to ecosystem services were analysed, as 
well as the diversity among nematode species present. The nematode diversity allows for 
maximum exploitation of the OM present and assists in the ecosystem services the soil 
provides. Depending on what ecosystem services are needed from the soil, maximum 
diversity may not be desired. Instead, focusing on microbial communities that offer a 
specific type of ecosystem service may be more desirable. 
Regarding the physical properties of soil, which also contribute to soil health, the 
most commonly measured characteristics are particle size distribution, bulk density, 
available water, and aggregate stability (Zornoza et al. 2015). These measurements are 
typically used to assess the impact of agriculture on the soil. These characteristics can 
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influence available SOC and mineral N in the form of ammonium N (NH4-N) and nitrate N 
(NO3-N). 
Despite its popularity, SOC has limited ability to assess soil health. SOC consists of 
both present and past additions of OM to the soil. SOM refers to all organic matter that 
resides in the soil, including fresh and humic materials. Changes in the additions of SOM, 
which contributes to SOC, are slower and difficult to measure amongst what is already 
present in the soil (Powlson et al. 1987).  
Attempts to create a model or global index for measuring soil health has been 
difficult (Zornoza et al. 2015). There are many types of soils, each varying in their 
components as well as their use by humans. The variability in soil generates much 
difficulty in determining which indicator best describes the soil conditions. The most 
accepted tool for assessment of soil health or quality has been the combination of the 
transformation and weighting of many indicators and their summation into an index 
(Zornoza et al. 2015). The indicators are given dimensionless scores based on site-specific 
algorithmic relationships (Andrews et al. 2004). From these scores, a single index value is 
created to give an overall assessment of the soil quality. Developed by Andrews et al. 
(2004), the Soil Management Assessment Framework (SMAF) is a commonly used soil 
quality index. However, the website providing the calculation tool for SMAF is currently 
unavailable, with the most recent update on September 11, 2011. 
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1.4. Soil Microbial Biomass as an Indicator 
Soil microbial biomass treats the entire soil microbial population as a single entity 
allowing for a broader look at soil health instead of attempting to precisely identify the 
biochemistry and physiology of the soil (Powlson 1994). The proposition of soil microbial 
biomass as an indicator was unintentionally stumbled upon by (Jenkinson 1966) during his 
study on the decomposition of 14C-labelled ryegrass in soil. He noticed during the 
incubation of the residue, over several years, that the labelled C in the CO2 evolved was 
greater than the labelled C in the SOC. He decided to expose the incubated soils to a series 
of treatments or “partial sterilizations,” which included fumigation with biocidal chemicals 
such as chloroform. All the treatments caused an increase in the CO2 evolved, but 
fumigation with chloroform caused the greatest increase in the percentage of labelled C. 
The results indicated that upon the death of the soil microbes, the extra CO2 evolved was 
coming from the decomposition of their remains. This release from dead microbes 
accounted for the high volume of 14C in the evolved CO2. 
Jenkinson (1966) speculated that only the chloroform and methyl bromide 
fumigation methods among those tested could produce the extra C observed upon the 
death of the soil microbes. This potency of chloroform and methyl bromide was because 
the other methods, such as air-drying or autoclaving, had the potential to release small 
amounts of labelled C from non-living fractions of the soil, not just the microbial fraction. 
In addition, the partial sterilization treatments would not be expected to give a complete 
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kill of all soil microbes. This early work lead to the theory that the amount of C evolved 
after fumigation should be proportional to the quantity of C that comprises the microbial 
cells that were lysed (Jenkinson 1966; Powlson 1994). 
Microbial biomass has been suggested as a sensitive indicator for soil health 
because it can detect changes in the SOC status and provides early results to reflect land-
use changes (Powlson & Jenkinson 1981a; Powlson et al. 1987). Over a short period of 
time, changes in biomass can elucidate trends in SOC. Thus, land managers can use 
microbial biomass to provide a quicker determination on whether their current land 
practice is working.  
The management of microbial populations has been thought to be possible 
through modifications on their habitat (Elliott & Coleman 1988). The two key factors, 
suggested by Elliot & Coleman (1988) that can be modified are the incoming substrates, or 
OM, and the soil structure. Though the microorganisms are involved in creating soil 
structure, they are also limited by that OM. Soil aggregates, micro- and macro-aggregates, 
give soils different structure, depending on the minerals and OM present. The aggregation 
of the soil influences the microbial communities (Elliott & Coleman 1988). When the soil 
structure is disturbed or modified, the impact is reflected in the mineralization events 
carried out by the microorganisms present, as well as the ability of the microorganisms to 
maintain populations.  
Many studies support using microbial and biochemical properties as soil indicators, 
because they are involved in the decomposition of SOC, C sequestration, and nutrient 
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cycling (Kabiri et al. 2016; Benedetti & Dilly 2005). Microbial activity and biomass have 
been found to be very sensitive to changes in land use, thus making microbial biomass 
potentially an excellent indicator. 
1.5. Microbial Biomass Extraction Methods 
Before the 1980s, the fumigation-incubation method proposed by Jenkinson and 
Powlson (1976) was used to measure soil microbial biomass. Chloroform was used to 
fumigate one set of soils, while an non-fumigated set of soils was used as the control. The 
size of the flush of CO2-C respired by the soil microbes was measured over a 10-day 
incubation period. The CO2 respired following fumigation resulted from the 
decomposition of killed cells by the recolonizing populations. 
The most commonly used method to lyse microbial biomass from the 1980s 
onwards has been the chloroform fumigation-extraction (FE) method. This method was 
first proposed by Brookes et al. (1985) as a “direct extraction” method for measuring soil 
MBN. This discovery of a new and fast method for microbial biomass was quickly applied 
MBC separately in the UK (Vance et al. 1987) and Australia (Tate et al. 1988). Chloroform 
is used as a fumigant to disrupt cell membranes, which causes a release of C. The release 
is believed to come from the cytoplasmic component of the microbial biomass. The soil is 
typically extracted as 5 g soil with 50 ml of 0.5 M K2SO4. The extracts are shaken and 
filtered. 
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The FE method removes the need for the lengthy incubation times typical of the FI 
method. The FE method, but not the FI method can be used for waterlogged soils, soils 
with decomposing substrates, and soils with pH below 4.5 (Wu et al., 1990). When the FE 
method was first proposed, a Kjeldahl digestion method was used to determine N 
concentration in the extract (Joergensen 1996). More recently, the FE method has 
become much faster than the FI method, because of the ability to analyze the extracts in 
aqueous solution. Total organic carbon analyzers can now automate this procedure by 
using the extracts obtained after the filtering process (Wu et al., 1990). 
The long incubation times needed by the FI method resulted in erroneous data, 
due to variability among microbes to recolonize the soil. During the incubation, the new 
recolonizing cells incorporate 10-20% of the C from the original biomass present in the soil 
under incubation. Another 10% is converted into metabolites for the microbes (Wu et al. 
1990). Therefore, the actions by recolonizing microbes affect the total C evolved during 
the incubation, typically resulting in a decrease. This incorporation of additional C into the 
recolonizing microbes was later found to be caused by the long incubation period that 
allowed for microbes to re-establish themselves. Jenkinson et al. (2004) stated that the FI 
method has become obsolete when compared with the FE method. 
The physical properties of soil affect the efficiency of lysing MBC and MBN 
(Badalucco et al. 1997). Chloroform vapours may not permeate clay or high OM soils 
effectively. Clay has the ability to retain microorganisms and OM within its small pores. 
Gregorich et al. (1990) proposed adding the chloroform to the vessel when shaking the 
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soils. Prior to this new approach, it was always necessary to vapour fumigate the soil 
samples in an incubator, such as in the FI and FE method. Possibly leading to confusion, 
Gregorich et al. (1990) also used the term “direct extraction” in reference to their method. 
Use of chloroform in the extraction has only been used by a few studies thereafter (Setia 
et al. 2012). Chloroform was previously thought not to dissolve in 0.5 M K2SO4. However, 
Seita et al. (2012), found that the droplets of chloroform would still encounter the 
microbes during the shaking process, and Setia et al. (2012) were able to extract similar 
amounts of C compared to the FE method.  
1.6. The Prairies and Grazing 
The Canadian prairie region accounts for 80% of Canada’s farmland (Janzen et al. 
1998). Alberta, Saskatchewan, and Manitoba are the three provinces that constitute the 
Canadian prairies (note that some northeastern parts of British Columbia also have 
prairie). The Canadian prairies are a part of the Prairie ecozone and the southern fringe of 
the Boreal Plain ecozone. Southern parts of the Canadian prairie are semi-arid grasslands 
with low SOC. As moisture increases, the SOC increases towards the north and east of the 
Canadian prairie region. The areas closest to the Boreal Plain ecozone tend also to have 
low SOC (Janzen et al. 1998). Temperature and moisture ranges across the prairies. Mean 
annual temperatures range from 0° to 5°C and annual moisture deficit from 80 to 400 mm 
(Janzen et al. 1998). 
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Grazing of livestock is a common practice on the prairies, among other agricultural 
activities. Due to the large amounts of productive pasture land, farmers can raise livestock 
on the prairies. The land on which livestock graze is referred to as the rangeland. A few 
commonly reared livestock are: cattle, horses, sheep, and goats. Cattle are the most raised 
livestock on the prairies, but they are capable of severely impacting the land on which 
they graze (Van Poollen & Lacey 1979). This potential impact has led to research on 
stocking rates, grazing intensity, grazing management practices, and the implications of 
grazing on soil health. 
Grazing intensity is defined by Holechek et al. (1998) as “the cumulative effects 
grazing animals have on rangeland during a particular time period.” Percent utilization and 
grazing intensity are often used interchangeably, but their definitions differ. Percent 
utilization refers to the plant or herbage production of the current year that is consumed 
or destroyed by livestock (Holechek et al., 1998). Percent utilization is only one 
measurement of grazing intensity. Ways to measure grazing intensity include: percentages 
of plants grazed and not grazed, carry-over vegetation from previous years, and plant 
stubble height. Grazing in general has been found to have a neutral or negative impact on 
rangelands across the world (Milchunas & Lauenroth 1993). 
Modifications of grazing intensity to promote rangeland health can adjust grazing 
timing, grazing frequency, or both (Holechek et al., 1998). Grazing intensity is the main 
strategy for rangeland management, because of its close association with soil stability. 
Grazing intensity influences soil health, because high-intensity grazing reduces herbage 
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production. The reduction in the production of plant matter influences the amount of OM 
entering the soil. Less available SOC will influences microbial growth negatively. 
1.7. Grazing Systems 
Two main grazing systems are implemented on rangelands: specialized and 
continuous. Specialized systems refer to practices such as rotational grazing, deferred 
grazing, and rest rotation, whereas continuous grazing is typically season-long or year-long 
(Heady 1961). The specialized systems are typically used in combination with each other, 
but rotational grazing is at the core. Rotational grazing refers to the grazing of separate 
pastures throughout the season. Each pasture is not used again until the livestock have 
rotated through all other pastures. Between the rotations, the pastures can rest. This rest 
period allows the plants to gain vigor and increase seed production. Seedlings and other 
palatable plants are increased (Heady 1961). In rotational systems, more uniform grazing 
and distribution is thought to be promoted as well. 
There has been much debate over the use of specialized grazing systems. 
Rotational systems with moderate grazing were found to increase herbage production 
although this depended on the geographical area, the stocking rate, and the study 
methods (Van Poollen & Lacey 1979). However, several studies conclude that grazing 
systems have little effect on animal weight gains when compared to the effects of stocking 
rates (Derner et al. 2008; Hart et al. 1988; Manley et al. 1997; McCollum & Gillen 1998; 
McCollum Jr. et al. 1999). Briske et al. (2008) analyzed previous studies on rotational and 
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continuous grazing and found that there was no evidence that either one was better 
regarding productivity of plants and animals. Instead, managerial practices may be 
providing better visual results for rotational grazing than continuous grazing (Briske et al., 
2008). For rotational grazing, the size of the paddock effects how the livestock interact 
with the area (Fuhlendorf & Engle 2001). There is variability in all grazing systems due to 
the variability of the rangelands geographically. The livestock used in the studies also vary. 
Stocking rate has been found to be an important variable in rangelands and is 
typically referred to as light, moderate, or heavy (Van Poollen & Lacey 1979). Biondini and 
Manske (1996) found that rotational grazing may allow for higher stocking rates without a 
significant impact on animal productivity. Grazing systems with the same stocking rate 
were typically not compared in older literature. Derner et al. (2008) used the same 
stocking rates to compare short-duration grazing and season-long duration grazing. 
Yearling beef cattle gain responses were related to stocking rates and grazing systems 
over 16 years (1991-2006). Heavy stocking rates and grazing pressure decreased average 
daily gains of cattle as kg head-1 day-1, but beef production as kg ha-1 increased. Under 
short-duration rotation, average daily gains decreased when compared to season-long 
grazing. Under abundant precipitation, forage was healthier and an increase in cattle gains 
was evident across both systems. The economic returns under heavy and moderate 
stocking rates were minimal and did not compensate for the degradation of the land.  
Heterogeneity of grasslands and rangelands by increasing patchiness and plant-
species composition is supported in literature (Fuhlendorf & Engle 2001; Strecker et al. 
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2015). Heterogeneity is positive in prairie systems, because it increases species diversity of 
vegetation and the animals that rely on it. Studies have shown that, in continuous grazing 
regimens, cattle can cause landscape heterogeneity or “patchiness” (Teague & Dowhower 
2003). Cattle tend to establish patterns of grazing that become reinforced the longer they 
graze the same site (Bailey et al. 1996). The livestock may choose more palatable forage 
over forage that may be healthier for them or that would cause greater weight gain. If the 
livestock follow a grazing pattern, that grazing puts pressure on certain parts of the 
pasture, rather than across it evenly. Even though continuous grazing may increase 
heterogeneity on the landscape, if the cattle are continuously pressuring the same 
patches, the positive effect is diminished. Instead, the patches become dead zones. This 
selectivity could result in more standing-dead in areas that are not pressured by grazing, 
which can inhibit the growth of seedlings. 
Grazing has been found to impact plant-species composition, but no specific 
grazing system has been proven to be less impactful (Biondini & Manske 1996). Cool-
season grasses have been found to be reduced significantly by grazing, while warm-season 
grasses increase. Cool-season grasses have been termed decreasers and warm-season 
grasses are termed increasers under grazing. Selective grazing by livestock 
disproportionately affects some plant species more than others. Specialized grazing 
methods attempt to deal with livestock pickiness, by forcing the livestock into a smaller 
area to promote the grazing of all plants present. 
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1.8. Affects of Pasture Grazing on Microbial Communities 
Grazing has been shown to impact the plant species present on pasture systems 
(Biondini & Manske 1996). The higher the plant diversity in grassland communities, the 
greater the productivity. Microbial communities in the soil respond differently to various 
plant species. This difference is due to the biochemical compounds given off by the plants. 
The diversity of plants increases input of organic C by increasing root exudates, shoots 
production, and root litter (Strecker et al. 2015). Strecker et al. (2015) found that plant 
species richness enhanced microbial basal respiration and microbial biomass in semi-
natural arid grasslands. Microbial basal respiration refers to the steady rate at which 
respiration occurs in soil, originating from the mineralization of OM (Creamer et al. 2014; 
Benedetti & Dilly 2005). However, plant species richness did not significantly affect 
microbial-specific respiration. Microbial-specific respiration refers to the efficiency of C 
use. Strecker et al. (2015) also found that plant diversity and fertilizer independently 
affect microbial functioning, measured by substrate-induced respiration and chloroform 
fumigation extraction. For the substrate-induced respiration the measurement of the 
consumption of O2 by the microbes before and after D-glucose is added was recorded. 
Plant diversity was found to benefit soil microorganisms due to rhizodeposition, plant 
productivity, and soil moisture. More diverse grasslands were found to be more 
productive than grasslands with less diversity. Having diverse plant functional groups, such 
as herbs, grasses, and legumes, rather than just grasses, increase microbial properties. 
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Plants such as legumes reduce the N limitation of microbes, increasing mineralization of N 
instead of immobilization, providing more available mineral N for plants. Fertilizer 
affected the microbes independently, but were found to alleviated N limitation of soil 
microbes by provisioning inorganic N.  
1.9. The Affects of Soil Texture on Microbial Communities 
The microhabitats in which microorganisms live, are affected by the properties of 
the soil (Franzluebbers et al. 1996; Sparling 1992; Hassink et al. 1993; Hassink 1992). 
These properties include: the soil water holding capacity, pore space, water content, SOM, 
aggregate size, aeration, pH, temperature, and the soil textures sand, silt, and clay. The 
texture of soil affects the size of the pore spaces, which affects how water is held within 
the soil. The soil and its relationship with water is important because water is necessary 
for microbial and plant growth. Root systems are impacted by soil texture, because pore-
space and connectivity directly affect the ability of roots to seek out nutrients (Sparling 
1992). Fine-textured soils contain large amounts of clay and silt. Coarse-textured soils 
consist of large amounts of sand. Most fine-textured soils have much smaller pore spaces, 
and more pores present, due to the small size and the properties of clay minerals. With 
more pores present, there are more surfaces available for water to adhere to (Brady & 
Weil 2013). Retention of water in small voids can be a problem for root growth in clay-rich 
soils because plants cannot access the water. Coarse textured soils contain much larger 
pore spaces, but water tends to drain quicker, which limits plant available water. Soils, 
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such as loams, with a mixture of sand, silt, and clay, provide more variability in pore size, 
drainage, and water retention. 
While some soils are structureless, including quartz-rich sandy soils, most soils 
develop an aggregate structure during soil formation (Totsche et al. 2018). The formation 
of aggregates and their structure help define the various soil types (Brady & Weil 2013). 
Soils can form macroaggregates, larger than 250 µm, and microaggregates, less than 250 
µm in size (Edwards & Bremner, 1964). Macroaggregates are formed from many 
microaggregates in a loose association. The concept that there exists an organized 
aggregate hierarchy was first explained by Tisdall & Oades (1982). Totsche et al. (2018) 
further defined microaggregates into small microaggregates, those that are smaller than 
20 µm, and large microaggregates, those that are 20 µm to 240 µm. Small 
microaggregates are bound so tightly together by organic bonds that they resist 
disturbance by agricultural practices (Tisdall & Oades 1982). 
Clay minerals are the main component of soil aggregates, and variation in these 
aggregates causes the formation of different soil structures. Clay minerals possess surface 
and internal charges, cation exchange, and water retention abilities (Marshall 1975). The 
interactions of clay minerals with other molecules, such as plant and microbial residues, 
play a large part in the formation of aggregates. There are three major groups of clay 
minerals: kaolinite, montmorillonite, and illite. Clay minerals are composed of layers and 
are phyllosilicates (Schoonheydt & Johnston 2011). One sheet of SiO4 tetrahedra joined 
with one sheet of Al- or MG- octahedra is called a 1:1 or TO. One sheet of Al- or Mg-
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octohedra between two sheets of Si-tetrahedra is called a 2:1 or TOT clay mineral 
(Schoonheydt & Johnston 2011). TO and TOT refer to the arrangement of the sheets of 
SiO4 tetrahedra and Al- or Mg-octohedra sheets. The surface charge of clays arises from 
the isomorphic substitution or the replacement of one atom by another of similar size in a 
crystal lattice. The isomorphic substitution occurs in the tetrahedral or octahedral layers 
(Totsche et al. 2018). This substitution leads to negatively charged basal surfaces on the 
clay mineral. To compensate for this negative charge, exchangeable cations attach to the 
surfaces, but those cations are not a part of the crystalline structure (Schoonheydt & 
Johnston 2011).  
Organic materials and their interaction with clays are important for aggregate 
formation in soil. Organic molecules such as proteins, lipids, and polysaccharides are 
thought to be involved in microaggregate formation (Totsche et al. 2018). The cores of 
microaggregates are often SOM and bacterial cells, which are surrounded by 
phyllosilicates and metal oxides. Adhesion of SOM to clay surfaces is caused by the 
negative charge associated with most clay minerals. SOM can not only be trapped within 
microaggregates by clays, but it can also adhere to the outside of the microaggregate 
(Totsche et al. 2018; Tisdall & Oades 1982). 
Microorganisms and plants play a large role in the formation of microaggregates. 
Those that produce extracellular polymeric substances (EPS) and mucilage are of most 
importance. These macromolecular organic mixtures acts as a glue and provides stability 
and protection from destruction events such as water infiltration (Morel et al. 1991). 
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However, such mechanisms that stabilize microaggregates cannot be applied to 
macroaggregates. This difference is because macroaggregates are only loosely assembled. 
This encasement of OM by the clay minerals can shield it from decomposition by 
limiting microbial access (Elliott & Coleman 1988). Similarly, microbial communities can be 
trapped within these aggregates of clay as well. There is evidence that, at the core of 
microaggregates, the OM present mainly consists of microbial decay products (Hassink, 
1992; Hassink et al., 1993). 
1.10. Research Objectives 
The objective for this project was to determine if microbial biomass could be used 
as an indicator for soil health. The effectiveness of the indicator was tested in three ways. 
Firstly, soil health was determined using the indicator under two different grazing 
systems, with one grazing system that was assumed to produce lower soil health. 
Secondly, the affect of disturbance on microbial biomass was also tested. Disturbed soil is 
known to be less healthy, and thus was hypothesized to show by a decrease in microbial 
biomass if the indicator was indicative of the soil health. Thirdly, the response of microbial 
biomass as an indicator to clay content was tested. These three objectives were 
determined under the need for a better understanding of the role of microbial biomass as 
a possible, quick and efficient, indicator of soil health.  
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The use of microbial biomass as an indicator of soil health under two cattle grazing 
treatments and disturbance on the Canadian prairies 
Hypothesis 1: Microbial biomass will decrease under Continuous grazing by cattle. 
Hypothesis 2: Microbial biomass will decrease under intense disturbance. 
The effect of content on microbial biomass and soil organic carbon under continuous 
and planned cattle grazing regimens 
Hypothesis: Microbial biomass and soil organic carbon will be affected by clay content. 
2. The use of microbial biomass as an indicator of soil health 
under two cattle grazing treatments and disturbance on the 
Canadian prairies 
2.1. Chapter Summary 
Microbial biomass carbon (MBC) was used as an indicator of soil health to compare 
continuous and planned grazing in plots within a replicated and randomized statistical 
design. Soil organic carbon (SOC) varied slightly across the experimental site but was close 
to 50 g kg-1 overall. Planned grazing was expected to have greater soil health, because this 
grazing system: (i) has an extend rest period between grazing events; and (ii) should be 
less susceptible to forage degradation from selective grazing. For two years following 
imposition of the grazing systems comparison, no difference in MBC could be found 
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between the two grazing regimens. Values for MBC were typical of those reported for 
grasslands worldwide. Similarly, the quotient MBC/SOC averaged 2.1% for all samples 
which is in keeping with values for grassland systems. In contrast, the literature report 
values of the order of 1.0% for the MBC/SOC quotient in cropland systems, which are 
taken to be of reduced soil health caused by soil disturbance and a limited plant cover in 
time and space. The lack of response of MBC to the experimental comparison of grazing 
systems means that either this measurement fails as an indicator of soil health, or else 
that insufficient time has elapsed for differences in soil health to appear. Available data 
for animal and forage production support the latter interpretation. 
2.2. Introduction 
2.2.1. Soil health 
Soil is a natural resource that is often taken for granted. Many ecological services 
are provided by soil such as carbon sequestration, water purification, ground water 
recharge, and nitrogen fixation (Laishram et al. 2012). Soil is comprised of a biological 
component and a non-living component. This biological component is the reason soil is 
often referred to as living. Humans depend heavily on soil and its processes to raise crops 
and livestock. However, this dependency has led to soil degradation, due to overuse and 
lack of proper soil management (Doran and Zeiss, 2000). 
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Soil is often analyzed for either its health or its quality. Soil health and soil quality 
are typically used synonymous but there are important differences. Soil health is the term 
often used by producers whereas soil quality is generally preferred by scientists (Doran et 
al. 1996). Soil health refers to soil as living, with organisms performing ecosystem 
functions together in a mixture of sand, silt, clay, water, and atmosphere. Chemical, 
physical, and biological properties are used as indicators of soil quality (Doran et al. 1996). 
In this paper, soil health will be the preferred term, because it best describes the 
components that are being analysed. These components are microbial biomass, soil 
organic carbon, and animal and plant production. 
Soil health has been a topic researched by many because of its importance for 
ecosystems, biological productivity, and environmental quality (Doran & Zeiss 2000). Soil 
health is impacted by many variables such as: the amount and type of soil organic matter 
(SOM) present, climate, vegetation cover, grazing animals, and microbial communities. A 
healthy soil should increase productivity of plants, sustain a healthy microbial community 
for decomposition of SOM, and have an adequate water holding capacity to maintain 
plant growth (Doran & Zeiss 2000). 
Soil health is of great importance to the agricultural sector. Human-induced soil 
degradation occurs on 40% of the world’s agricultural land worldwide (Doran & Zeiss 
2000). This degradation includes soil erosion, pollution, habitat destruction, salinization, 
desertification, over-grazing, and land clearing. A concise, easily accessible measurement 
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of soil health is necessary to upgrade our agricultural practices to conserve healthy soil for 
generations to come. 
2.2.2. Soil organic matter and microbial Biomass 
OM, such as leaf litter, becomes SOM when it enters the soil. Dead plant material 
makes up most of the SOM that enters the soil system and is the most important 
contributor. Living plants also contribute to SOM via root exudates (Spohn et al. 2016a). 
SOM consists primarily of carbon (C), nitrogen (N), hydrogen, oxygen, and phosphorus. 
SOM is typically measured and expressed as soil organic carbon (SOC). Upon breakdown 
by microbial activity, SOM releases essential nutrients for plant and microbial growth. 
SOM, water, and oxygen sustain life in the soil. SOM can be broken into fractions 
that are defined by their turn-over rate (Hassink 1995). Turn-over rate refers to how 
quickly the microbes decompose the OM entering the soil. The fraction of organic matter 
that is rapidly turned over by microbes is referred to as the active fraction. This fraction 
consists of the more readily decomposable non-complex carbon compounds. The active 
fraction is typically within the upper 20 cm of a mineral soil (Hassink 1995; Crow et al. 
2007; Diochon & Kellman 2009). Humification occurs in the less active portion of the soil, 
which is referred to as the passive fraction. The SOM in the passive fraction is quite 
stabilized and resists biodegradation (Kögel-Knabner 2002). Usually, only microbes with 
specialized enzymes can utilize the complex compounds within the passive fraction. The 
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active fraction is of most interest regarding soil health because it is derived directly from 
recent vegetation and should reflect changes in land use more readily. 
Microbes are a fundamental, biological, component of soil. Microorganisms assist 
in the break-down of organic matter, which provides the nutrients used for plant growth. 
Any changes to the soil can alter microbial activity, and consequently the soil biochemical 
processes (Nunes et al. 2012). Microbial activity has piqued the interest of scientists, 
especially in studies regarding soil health (Ferris & Tuomisto 2015; Zornoza et al. 2015; 
Nunes et al. 2012; Kabiri et al. 2016). Our interest lies with microbial communities and 
how they are affected by degradation of soil. Microbes are a biological component of the 
soil and have potential to indicate the health of the soil, because of their importance in 
nutrient cycling.  
Most microbial activity takes place in the active fraction of SOM. Soil microbes 
feed on the SOM, decomposing and mineralizing nutrients for themselves and for plant 
uptake. Mobilization and immobilization of nutrients by microbes is controlled by the 
contents of the SOM (Marschner et al. 2015). SOM high in nutrients will cause 
mobilization, whereas SOM low in nutrients will cause immobilization. During 
immobilization, microbes retain the nutrients for themselves and do not release access to 
the environment. C is essential for anabolic use in production of biomass and enzyme 
production in microbes (Kemmitt et al. 2008). Under aerobic conditions microbes 
mineralize C found in SOM into CO2, which is eventually released into the atmosphere. 
Under anaerobic conditions microbes will convert residue C into methane (CH4). Microbial 
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activity drives nutrient cycling in the soil and is essential for the growth of plants and 
animals that rely on the land. 
2.2.3. Microbial Biomass as an Indicator 
Quantification of soil health either measures production itself or a soil property as 
an indicator. The ability to quantify soil health is important in understanding agricultural 
production, ecosystem services, and soil remediation. Assessment of agricultural 
production normally measures vegetation growth or animal weight gains. This 
measurement gives results for current production but cannot give predictions for the 
future seasons. Vegetation productivity cannot be assessed year-round, only during the 
growing season. Using a soil property as an indicator allows for predication and 
measurements can take place outside of the growing season. In a literature review, 
Zornoza et al. (2015) found that SOC is the most commonly used indicator for the 
assessment of soil quality and sustainability, most likely due to its influence on all soil 
properties. However, decomposition of SOM is necessary for most SOC to enter the soil. 
Since microbial activity drives decomposition, it can be argued that regardless of how 
much SOC is present, if there is no microbial activity, then decomposition and 
mineralization of nutrients would be extremely slow or not present. Microbial biomass has 
been suggested as a measurable response to reflect soil health caused by changes in soil 
management (Powlson & Jenkinson 1981b; Kabiri et al. 2016; Gonzalez-Quiñones et al. 
2011). Often, microbial biomass is referred to as the living fraction of the organic matter, 
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composing of about 1–4 % of SOC (Sparling 1992). As discussed earlier, microbial biomass 
relies on SOM for nutrients, and plants rely on the decomposition of residues and SOM by 
microbes for nutrients. The timing of the release of the nutrients is important as well. The 
rate of release should match the needs of the plants, otherwise there is potential for loss 
through surface or ground water runoff and escapement into the atmosphere. The greater 
the rate of decomposition, the greater the release of nutrients available for plant uptake 
and the greater the inputs of residues to supply SOM. A strong positive relationship 
between SOC and microbial biomass C (MBC) has led to the suggestion of the microbial 
quotient (MBC/SOC) as a possible indicator of soil health (Carter et al. 1999; Sparling 
1992). This quotient is not just one variable over the other, but instead their proportional 
relationship expressed as a percentage. 
Microbes have been found to respond to different land management practices, 
including different tillage systems and different methods used to incorporate 
amendments. A study by Powlson et al. (1987) tested the response of microbial biomass 
to the incorporation of straw as an amendment. Microbial biomass increased (37-50%) 
more than SOC and soil organic N (SON), which implied that microbial biomass was more 
sensitive to the addition of amendments than SOC and SON. SOC and SON measurements 
have one important disadvantage when compared to microbial biomass as an indicator: 
any measured increase or decrease must be measured against the background of organic 
matter already present (Powlson et al. 1987). The turn-over rate, which is the time it takes 
for all current microbes to be replaced by new microbes, reflect the residues that were 
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present. Those residues are used directly to make new microbial bodies (Spohn et al. 
2016). Thus, the new microbes are a direct product of the amendments and contribute to 
the measured value.  
Under certain tillage systems, SOC can decrease due to the lack of vegetation cover 
through space and time, soil erosion, and aeration. The decrease in SOC affects microbial 
biomass negatively by decreasing the amount and growth of microbial bodies. Soil 
properties such as particle size, and the distribution and connectivity of pores, can affect 
the access of microbes to SOC. 
The relationship between MBC and SOC seems to be closely related to soil health. 
Any changes in the microbial quotient and MBC may reflect changes made by increases or 
decreases in organic matter inputs. The quotient also shows how efficient the microbes 
are at converting organic matter into microbial C and the stabilization process of organic C 
in the mineral fractions of soil (Sparling 1992). 
2.2.4. Agricultural impacts 
Agriculture is known to impact soil health and cause changes to natural 
ecosystems such as grassland prairies (Janzen et al. 1998). Some farms are managed as 
large commercial enterprises, such as poultry farms or grain farms, while others are small-
scale mixed farms, or cattle ranches (National Research Council, 1993). The specialization 
and intensity of a farm will determine the effect it will have on the land. Agricultural 
practices in cropland, such as tilling, mono-cropping, and fallowing, affect soil health 
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differently than livestock husbandry. The main differences between these two agricultural 
practices is the consistency of vegetation cover on the land that is required for pasture 
grazing by livestock, regular soil mixing, and the lack of constant vegetation found in 
cropland.  
In cropland systems, the farmland is prepared for the growing of crops. 
Disturbance of the soil is often used to prepare the seedbed. This disturbance is usually in 
the form of tillage, which prepares the land for crops and suppresses weeds. However, 
constant tillage of the land can lead to a decrease in soil health in terms of SOC and in 
terms of the microbial quotient (McGonigle & Turner 2017). Since the beginning of 
cultivation on the prairies, the loss of SOM has been substantial (Janzen et al. 1998). Tilling 
causes aeration of the soil, which speeds up decomposition of organic matter, causing C to 
be released into the atmosphere by microbial respiration (Gregorich et al. 1998; Janzen et 
al. 1998). Soil erosion can occur once the crop is harvested, because there is no plant 
cover or living roots left to provide stability and protection to the soil. Constant plant 
cover through space and time protects soil from wind and run-off caused by precipitation 
events (Janzen et al. 1998). 
The raising of livestock on the land alters landscapes in different ways. Depending 
on the type of livestock raised, the amount of livestock on the land, the grazing systems 
implemented, as well as the land use history, soil health can vary. With continuous 
grazing, cattle are put into the land to move freely for the season. However, continuous 
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grazing can lead to forage degradation by selective grazing of cattle within the pasture, 
and by the lack of a rest period for forage growth. 
2.2.5. Objectives 
The aim of this study is to examine the possible variation in soil health caused by 
two different cattle grazing treatments. The use of microbial biomass C and N as an 
indicator for soil health was used. Any difference in the microbial biomass is thought to be 
caused by differences in soil health created by the two treatments.  
2.3. Materials and Methods 
2.3.1. Description of the Study Site 
The study took place at the Brookdale Research Farm, owned by Ducks Unlimited 
and operated by Manitoba Beef and Forage Initiative (MBFI), located 25 km north of 
Brandon, Manitoba, Canada. The normal climate for the area is given in Table 2-12. The 
average monthly temperature and monthly precipitation for 2016 and 2017 are given in 
Table 2-11. The year 2016 was marginally wetter than 2017, but the temperatures were 
similar. The farm falls within the Canadian prairie-pothole region (PPR). The PPR is found 
in the south-central area of Canada and the north-central area of the United States and 
covers approximately 780,000 square kilometres of the prairies (Sloan 1972). The PPR was 
formed by receding glaciers that left behind small, water-holding depressions, which are 
referred to as prairie potholes (Sloan 1972). At the bottom of these depressions or lakes 
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are sedimentary rocks or lacustrine deposits. As the water bodies evaporated, sediments 
were left behind. The lacustrine deposits contain fine silt and clay particulates. Part of the 
variation in the soil landscape of the PPR is attributed to this glacial legacy. 
 The landscape at Brookdale Farms had characteristics of the PPR, with small 
prairie-potholes dotting the land. Some prairie-potholes are considered shallow-water 
wetlands because they have permanent standing water. On Brookdale Farm, it was 
observed that prairie-potholes large enough to have permanent water were fenced-off 
and not included in the grazing areas. The Brookdale potholes that dried up in the summer 
were typical of the region, with low prairie vegetation or wet meadow vegetation 
including sedges (Stewart & Kantrud 1971), were included in the study site.  
Seven sections of the Brookdale site were designated by the MBFI staff in 2016 as 
Replicates A to G. Prior to the grazing study, Replicates A and B were used as cropland, 
and they had only recently been turned back to pasture in 2013. A study of the vegetation 
cover at Brookdale Farm was carried out by Rosenkranz and McGonigle (unpublished) in 
the summer of 2017. Pasture history give by the MBFI staff and the vegetative cover study 
indicated that most of the replicates had been sown with a pasture seed mixture. MBFI 
lists the replicates as follows: A is tame pasture, B is tame pasture, C is native pasture, D is 
native pasture, E is tame pasture, F is tame-native mix, and G is cicer milkvetch pasture. 
Replicate G was most likely sown with a mixture high in Astragalus cicer. Replicates C, D, 
and F were the only replicates that contained portions of native grassland that had never 
been sown with a pasture seed mixture. 
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Two experiments were undertaken. Experiment One was designed to determine 
the impact of grazing regimen on soil health as measured by MBC. Experiment Two was 
designed to explore the response of MBC to conditions of reduced soil health induced by 
severe soil disturbance. 
2.3.2. Materials and Methods for Experiment One 
2.3.2.1. Grazing Treatments and Cattle 
The study consisted of two different grazing treatments which were designated 
continuous and planned. The livestock picked for the grazing study were cow-calf pairs, 
split into two herds. Replicates were of approximately in the range of 2-4 hectares. The 
replicates were split into continuous and planned grazing sections. The continuous and 
planned sections were of approximate equal size within each replicate. The planned 
section of each replicate was further divided into approximately equal sized paddocks of 
approximately half a hectare.  
Continuous grazing had the following requirements: the herd of cattle could roam 
freely across the site within the portions designated continuous, and without other 
barriers across all replicates. Planned grazing had the following requirements: the herd of 
cattle were confined to small paddocks within replicates, to impose a mob style of grazing. 
The cattle were rotated through these paddocks. The experimental design was a 
randomized complete block with two treatments, continuous and planned, and seven 
blocked replicates. 
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Two separate herds were used for the study with one herd of cattle for each of the 
grazing treatments. There were 25 cows and 24 calves in the continuous herd. The 
planned herd had 25 cows and 25 calves. The same herds were used for 2016 and 2017. 
The planned herd was rotated through all paddocks of each replicate in turn, and their 
rotation was then reset to the earliest visited paddock. In 2017, the planned herd rotated 
through all the replicates four times. The amount of forage and conditions of the paddock 
determined where the cattle would start their rotation for the year. Cattle were held 
briefly in each paddock for 1-3 days before they were moved into the next paddock. In the 
summer of 2016, the cattle did not enter Replicate E, and this replicate was put to hay for 
that year only. Within the Planned grazing regimen, a typical stocking density was 25 cow-
calf pairs in 0.2 hectares for one day. 
The continuous and planned cattle herds were both released onto the fields by the 
MBFI staff on 30 May for the summer of 2016. For the summer of 2017, the continuous 
cattle herd was placed on their field on 1 June. The planned cattle herd was released into 
the first paddock on 15 May to begin their rotation through the replicates. The weight 
gains of the cattle and forage yields were recorded by the MBFI staff at Brookdale Farm. 
2.3.2.2. Soils 
For the summer of 2016, twenty soil cores per grazing treatment were taken 
randomly across each replicate, except for Replicate E. The dates of collection for each 
replicate are as follows: A June 10, B June 17, C June 27, D July 18, F July 28, and G Sep 2. 
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The collected soil cores for the first collection was 240. Each core was kept separate and 
given a unique identification number. This soil collection will be referred to as Collection I. 
Another collection of soil samples was taken during August 2016. Every replicate 
was sampled again, except for Replicate E. The sampling method was changed to 10 soil 
cores per replicate per grazing regime, those ten cores being bulked into one bag. The 
total amount of bags collected was 12. This soil collection will be referred to as Collection 
II. 
For the summer of 2017, all replicates were sampled. Ten random cores were 
collected per replicate per grazing regime and combined into one bag per replicate. Each 
full collection across the experiment produced 14 bags, and the study site was sampled 
once a month from May to August. July was sampled but not included due to analytical 
technical difficulties. There was a total of 42 combined bags for 2017 that were included in 
this study. The soil collection for 2017 will be referred to as Collection III. 
2.3.3. Materials and Methods for Experiment 2 
2.3.3.1. Site Preparation 
For Experiment Two, a part of Replicate G on Brookdale Farms was used for the 
study. Twenty plots of 4 m by 3 m in size were established along the north-west fence line 
within the grazed area. Removable flags were used to mark the layout. Permanent posts 
with metal plates were placed at the end of every second south-east corner of the plot, to 
allow for ease of remaking the layout after flag removal. The posts were buried until the 
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tops were level with the ground. The metal plates allowed for finding the posts among the 
tall grass with a metal detector. No permanent fencing was put in place around the plots. 
Cattle were still allowed to roam freely on the plots. Half of the plots were randomly 
rototilled to represent intense disturbance to the soil. The experimental design was 
completely randomized with two treatments, rototilled or not rototilled, and with ten 
replications each. The rototilling disturbed approximately the top 15 cm of the soil. The 10 
plots were rototilled on 4 July 2017. 
2.3.3.2. Soils 
For each soil collection, the study layout had to be remade with the flags to 
determine where each plot was located. The first soil collection occurred in July 2017 and 
will be referred to as Collection IV. The second collection occurred in August 2017 and will 
be referred to as Collection V. 
For both soil collections IV and V, 10 soil cores were taken per plot and bulked into 
one sample. This core collection was repeated for all 20 plots for IV and V. Each collection 
had 20 soil samples, giving a total of 40 soil samples for Experiment Two. 
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2.3.4. Materials and Methods used for Experiments 1 and 2 
2.3.4.1. Soil Extract Methods 
All soil samples were partially air-dried to the onset of friability and were passed 
through a 2-mm sieve. Any samples that could not pass through due to high clay content 
were broken into the smallest size possible and still included in the sample. For those clay 
rich samples that did not pass through the 2-mm sieve, large plant material, such as roots 
or stems, were removed by hand. Prior to analysis, all soil samples were stored in the 
refrigerator at approximately 5°C. 
The fumigation-extraction method described by Vance et al. (1987) was used to 
obtain extracts for determination of MBC and MBN for the collected soils. Briefly, the 
method was as follows: Chloroform (CHCl3) vapor was used to fumigate soil placed in a 
vacuum desiccation chamber for one day. The chamber was opened, and the vapor 
evacuated. Using 50 ml of 0.5 M K2SO4, the soils were extracted and placed on a shaker at 
300 rpm for two hours. Shaking ensured that all soil particles mixed well with the extract 
solution. After shaking, the extracts were filtered with Whatman No. 42 filter paper and 
stored in plastic snap-cap vials. The vials were kept in the freezer until analysis. 
Upon analysis, the extracts were defrosted and filtered once more with Whatman 
No. 42 filter paper to remove any white precipitate that formed during storage. Samples 
were analyzed with a Shimadzu ASI-V instrument with total organic compound TOC-V unit 
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for dissolved organic C in extracts and with a total nitrogen TNM-1 unit for dissolved N in 
extracts. 
Loss-on-ignition was performed on each soil sample following the method describe 
by (Nelson & Sommers 1996). Loss-on-ignition was used to determine the SOC content of 
the soil samples. 
2.3.4.2. Statistical Analysis 
 Statistical analysis was carried out with an alpha value of 0.05. Microsoft Excel and 
Statistix 8 were the programs used. For Experiment One, a randomized block analysis of 
variance (AOV) was used to determine any significance for MBC, MBN, SOC, MBC/MBN 
and MBC/SOC. The relationship between MBC and MBN was analyzed for Collections I and 
II using linear regression. Linear regression was also used to observe the relationship 
between MBC and SOC. Cattle weight gain data provided by MBFI were analyzed using a 
completely randomized AOV to determine if there were any differences caused by 
Planned or Continuous grazing. Forage production data provided by MBFI was analyzed 
using a randomized block AOV to determine if there were any differences by Planned or 
Continuous grazing. 
 For Experiment Two, soil Collections IV and V were analyzed separately for MBC, 
SOC, field moisture, and MBC/SOC. A completely randomized AOV was used to determine 
any differences between the control and the rototilled plots for Collections IV and V. 
. 
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2.4. Results 
2.4.1. Experiment One 
2.4.1.1. Results for replicates 
MBC for Collection I was found to be significantly (P < 0.001) different among 
replicates. Replicate A was found to have the least MBC and Replicates C and F had the 
most. However, no differences among replicates were found (P = 0.24) for Collection II. 
Collection III had been sampled three times over the summer of 2017, the three months, 
May, June, and July, were kept separate during analysis. All collections over the three 
months were not significant (P = 0.06; P = 0.5; P = 0.21, respectively) for MBC per 
replicate. The box plot graphs for MBC of Collection I per replicate were found to have 
tails skewed to the right (Figure 2-2.) The long tails suggest that there are many high 
values outside of the upper quartile. Outliers were found for replicates C, D, and F. The 
MBC values for Collections II and III had samples sizes less than 10, and so box plots were 
not created (Table 2-2, Table 2-3, Table 2-4, & Table 2-5). The values were reasonably 
symmetric.  
MBN for Collection I was found to be significantly (P < 0.001) different among 
replicates. However, no difference among the replicates (P = 0.18) was found in Collection 
II. The box plot tails for MBN in Collection I were found to be skewed to the right for all 
replicates. Outliers were present in replicates A, F, and G. There was no symmetry 
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present. In Collection II, due to the small sample size, the values were not expressed as 
box plots, but they did show reasonable symmetry (Table 2-2). MBC and MBN, across all 
replicates for Collections I and II, were found to be significant (P < 0.001).  
The ratio of MBC/MBN was found to be significantly different (P < 0.001) among 
replicates for Collection I. However, this quotient was not significant (P = 0.19) among 
replicates for Collection II. The box plots for Collection I for MBC/MBN had similar centers 
for all replicates, except Replicate C (Figure 2-4). The replicates were reasonably 
symmetrical, except for replicates A, C and D, which were right skewed. Outliers were 
present for all replicates. The MBC/MBN of Collection II was not expressed in box plot 
form, due to the small sample size, but it did show symmetry among the means and 
medians (Table 2-2).  
For Collection I, a significant (P < 0.001) difference was found for SOC among the 
replicates. There was no significant difference of SOC among the replicates for Collections 
II (P = 0.13). Collection III had no significant difference of SOC among replicates for each 
month (P = 0.82; P = 0.62; P = 0.67, respectively). The values for Collection I for SOC were 
expressed in box plot graphs and showed reasonable symmetry for all replicates (Figure 2-
9). Outliers were found for all replicates, except D. Box plot graphs were not created for 
Collection II and III SOC, but the medians and means for the replicates were found to be 
similar (Table 2-2, Table 2-3, Table 2-4, & Table 2-5). 
For MBC/SOC, a significant (P < 0.001) difference was found among the replicates 
for Collection I. No significant (P = 0.07) difference was found among the replicates for 
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Collection II. The month of August in Collection III had a significant difference (P = 0.05) for 
MBC/SOC per replicate. May and June did not have significant differences among 
replicates for MBC/SOC (P = 0.17; P = 0.28) The box plots for Collection I showed 
reasonable symmetry for most replicates, but the tails of A and B were slightly left 
skewed. Outliers were found to be present in all replicates (Figure 2-11). MBC/SOC was 
relatively symmetrical for both Collections II and III (Table 2-2, Table 2-3, Table 2-4, & 
Table 2-5). 
2.4.1.2. Results for grazing treatments 
There was no significant difference (P = 0.09; P = 0.70) for MBC between the two 
grazing regimens for Collections I and II. Collection III was also not significant for all 
months (P = 0.99; P = 0.95; P = 0.67, respectively). The box plot graphs for Collection I 
MBC had skewed left tails with high value outliers (Figure 2-3). Their centers were 
reasonably similar. The means and medians of Collection II and III were similar (Table 2-
10). MBN was not significantly different (P = 0.23 and P = 0.61, respectively) between the 
two grazing regimens for Collection I and Collection II. The box plot graphs for MBN 
Collection I had skewed left tails (Figure 2-5). The centers were reasonably similar, and 
both treatments had high value outliers. MBN Collection II had similar mean and median 
for both treatments (Table 2-12). The maximum was found to be the same as the mean 
for both treatments.  
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The MBC/MBN ratio was found not to be significantly different (P = 0.39 and P = 
0.23, respectively) between grazing regimens for Collections I and II. The box plot graphs 
for MBC/MBN showed slightly left skewed tails (Figure 2-7). The centers were similar, as 
well as the median and mean. The descriptive stats for Collection II showed that 
MBC/MBN has similar means and medians (Table 2-2). 
No significant difference was found (P = 0.18; P = 0.27) under planned or 
continuous grazing for SOC for Collections I and II. Collection III had no significant 
differences for any of the months analyzed (P = 0.54; P = 0.44; P = 0.82, respectively). The 
average SOC for each collection was found to be very similar, regardless of grazing 
treatments. The box plots for SOC per treatment were reasonably symmetrical and high 
value outliers were found for both treatments (Figure 2-10). The median and mean were 
also similar. The means and medians for both Collections II and III per treatment were 
similar (Table 2-6, Table 2-7, Table 2-8, & Table 2-9). The MBC/SOC ratio was not 
significantly different (P = 0.11; P = 0.26,) between the grazing treatments for Collections I 
and II. Collection III did not show significant difference in any month for MBC/SOC (P = 
0.87; P = 0.39; P = 0.82). Box plots for the MBC/SOC per treatment were symmetrical and 
high value outliers were present (Figure 2-12). MBC/SOC for Collections II and III per 
treatment had similar means and medians (Table 2-6, Table 2-7, Table 2-8, & Table 2-9). 
Collections II and III had similar values as well. A significant positive (P < 0.001) 
relationship was found for MBC versus SOC using all soil collection data (Figure 2-13). This 
relationship was expected because MBC requires SOC for metabolic functions. 
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2.4.1.3. Cow and forage production 
The average daily gain (ADG) in kilograms (kg) was determined for planned and 
continuous cattle herds for the year 2017 by MBFI staff (Iwanchysko, personal 
communication). Cow (P = 0.78) and calf (P = 0.33) weight gains were similar in the two 
grazing regimens. Box plots graphs for the cow weight gains in the two treatments 
showed reasonable symmetry (Figure 2-14). There were no outliers present. The box plots 
for calf weight gains were symmetrical and no outliers were present (Figure 2-15). The 
herds were not placed on the fields at the same time in the summer of 2017. The planned 
herd was let on the field in May, and the continuous herd was released in June. The 
planned herd had more grazing time than the continuous herd, but that did not appear to 
affect the ADG. 
The average forage weight in kg per hectare (kg ha-1) was determined for planned 
and continuous cattle herds for the year 2016 by MBFI staff (Iwanchysko, personal 
communication). Forage yield showed no significant (P = 0.69) difference between 
continuous and planned pastures for 2016. Box plot graphs for forage yield in the 
treatments showed symmetry and no outliers (Figure 2-16). Data for percentage cover 
taken in July 2017 in the experimental plots also show no reduction under continuous 
grazing (Table 2-1: Data provided by Rosenkranz and McGonigle, personal 
communication). 
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2.4.2. Experiment Two 
Collection IV showed no statistical difference between the ten control plots and 
the ten rototilled plots (Table 2-10). However, the rototilled plots did show a trend 
towards lower results for all variables tested. The ten control and ten rototilled plots for 
Collection V saw an overall decrease in all values for the variables, except for an increase 
in soil moisture. No significant difference was found between rototilled and control plots 
for Collection V. Collection V also showed a trend of decreasing values for MBC and SOC 
under the rototilled treatment. 
2.5. Discussion 
2.5.1. Experiment One 
Analyzing the soils by replicate allowed for the determination on whether the 
replicates exhibited similar soil characteristics. Any extreme variation in the replicates 
could be due to other variables, such as clay, not associated with the grazing. Each 
variable tested only seemed to vary by replicate for Collection I. The differences found in 
Collection I per replicate were not duplicated in Collections II and III.  
The variability for Collection I may be explained by field patchiness. At some scale 
smaller than the replicates, there is patchiness of soil properties occurring on the land. 
Clay could be at the forefront, affecting the results at a small scale. The box plot graphs 
showed that there was a wider range in large values of MBC and MBN than there were of 
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smaller values (i.e., right skewed). There appeared to be high variability among the values 
for MBC and MBN because the maximum values were much greater than the minimum 
values in all replicates. Replicate A and B had less MBC and MBN than the other replicates. 
This could be explained by the field history. Replicates A and B both used to be cropland 
before being converted into pasture. Clay content may also be responsible for the 
variability. The effects of clay were analyzed by the sister-study which investigated how 
other soil properties affect MBC, MBN, and SOC (Chapter 3). Clay is known to affect 
microbial biomass (Hassink 1992; Franzluebbers et al. 1996; Amato & Ladd 1992; 
Franzluebbers 1999). Chance effects likely caused soil collection to occur in areas with 
more or less clay, or differences in other soil properties. Collection I had its soils samples 
kept separately and not bulked together, and no blending of the soil cores occurred. The 
impact of clay or other soil properties on the individual soil samples could be driving the 
variability within the replicates for Collection I.  
The larger sample size of Collection I could be affecting the results. Collections II 
and III had less soil cores per bulked sample than Collection I. Both Collection II and 
Collection III showed no significant differences for any of the tested variables. Bulked 
samples are more homogenized than samples kept separately. Any spatially variable 
effects on microbial communities, due to spatial variability, could be diminished by using a 
bulked sampling method. 
The relationship between MBC and MBN was to be expected. More microbial 
biomass should generate more MBC and MBN, because both N and C are used in microbial 
47 
 
cell growth. The ratio between MBC and MBN is used to determine the most abundant 
type of microbial community present. A higher ratio of MBC/MBN suggests a fungal 
microbial community, whereas a lower ratio suggests bacterial microbial communities. 
Bacteria are expected to be the dominant microbial communities present in grassland 
soils. Fungi dominated communities are typically found in forest soils (Brady & Weil 2013). 
Replicate C was found to have the highest value for MBC/MBN. This could be caused by 
the native grasses that were more abundant in Replicate C. 
The land-use history at the Brookdale Farms appeared to be reflected in the results 
for MBC/SOC. Replicates A and B were historically used for cropland and had only recently 
been converted back to pasture. Previous studies have linked cropland to having less 
MBC/SOC than pasture (McGonigle & Turner 2017). Collection I showed less MBC/SOC for 
both Replicates A and B. Higher MBC/SOC was found in the replicates that were of native 
or mixed-native pastures, which were C, D, and F. Replicate G showed a high quotient 
value despite G having been sown with a mixture high in Astragalus cicer. 
MBC has a strong positive relationship to SOC in most mineral soils (Sparling 1992; 
Gonzalez-Quiñones et al. 2011). The relationship between MBC and SOC was analyzed in 
this study to determine how they compared to other studies in prairie systems, and to 
explore whether our values followed the expected linear relationship. Cropland systems 
and grassland systems differ in the amount of MBC and SOC (McGonigle & Turner 2017). 
The slope of the line tends to be higher in grassland systems than in cropland. Figure 2-13 
showed the relationship between MBC and SOC and from it the slope was found to be 
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2.1%, which fell within the grassland system range designated by McGonigle and Turner 
(2017) to be 2.7%. The results support our methods and techniques. 
It has been suggested that microbial indices derived from microbial biomass such 
as the metabolic quotient and microbial quotient (MBC/SOC) could be beneficial in 
understanding microbial biomass values (Gonzalez-Quiñones et al. 2011). The metabolic 
quotient refers to the respiration rate CO2-C per unit of MBC (Zhou et al. 2017; Anderson 
& Domsch 1993). The microbial quotient refers to MBC/SOC. Respiration rate was not 
measured, and so the focus here is on the microbial quotient. The microbial quotient is 
useful, because it generally falls within a narrow range of values across many ecosystems 
(Powlson & Jenkinson 1981b; Sparling 1992; Gonzalez-Quiñones et al. 2011). The 
microbial quotient has been determined to be within the range of 1-5% for most soils 
(Sparling 1992). However, some exceptions include soils that have low annual C inputs 
(Gonzalez-Quiñones et al. 2011). The average microbial quotients of all three collections 
came to 2.1% for both Continuous grazing and Planned grazing, which fell into the range 
expected for most soils. 
2.5.1.1. The response of the cattle and forage 
 Calves should show the quickest response towards the different grazing regimens 
during their growth to maturity. Even though a calf is capable of eating grass days after it 
is born, its rumen is not ready to digest high fibre. A calf relies on its mother to produce 
milk. If the mother is not grazing on nutritious forage, she cannot produce quality milk. 
49 
 
Another important factor to acknowledge is that full-grown cows can rely on fat reserves 
that have been stored over time. Calves lack the opportunity to generate fat reserves, and 
so they are therefore more susceptible to changes in their diet. Therefore, if there are 
differences between the two grazing regimens in their ability to provide quality forage, 
then it should be most evident in the calf weight gain. There was no difference found for 
the calf or cow weight gains between Planned and Continuous grazing. This similarity in 
outcome would suggest that, at this current time in the study, there is no difference 
between the forage quality under either grazing regimen. No difference between forage 
yield in Continuous or Planned was found either. If soil health were to have changed, then 
perhaps a difference in forage quality and yield would have arisen. 
 There is a possibility that if there are going to be differences between the two 
grazing regimens, then it may need more time for the difference to develop. Microbial 
biomass takes 1-2 years to turn over under the climate of the Canadian prairie systems 
(Wardle 1998). 
2.5.2. Experiment Two 
 Rototilled plots showed a trend towards decreasing values for MBC and SOC. 
However, none of the differences were significant. Over time, the decreasing trend may 
become large enough to be significant. Disturbance to the soil causes aeration and thus an 
increase in aerobic respiration by microbes (Franzluebbers 1999). This study imposed a 
strong disturbance on the soil, which may not occur under cattle grazing. Disturbance to 
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this degree is mainly present in tilled cropland. However, under high stocking rates in 
small areas, cattle are capable of trampling, compacting, and disturbing the soil. 
Compaction of the soil increases the soil bulk density and strength, making it difficult for 
not only plant root growth, but also for the infiltration of water and air (Gunter & Cole 
2016). Therefore, determining how the soil of Brookdale Farm might interact with 
disturbance should in time shed further light on the interaction between cattle grazing 
and soil health. 
2.6. Conclusion 
This study analyzed the affects of two cattle grazing treatments and intense 
disturbance on soil health. Microbial biomass was used as an indicator to test for changes 
in soil health, because of its importance in nutrient cycling. No change was found in soil 
health over the two years the study took place. The disturbance results showed a trend 
towards declining soil health, but it was not significant. Lower soil health is expected in 
disturbed soils, and over time the experiment may reflect a negative significant 
relationship. The values obtained for MBC were comparable to grassland values across the 
world. Therefore, it is surmised that there was no difference between the two treatments 
tested. This result is supported by the forage production and cattle weight gains results, 
which also exhibited no difference between treatments. A difference may be found if the 
experiment was carried out longer. However, past literature suggests that there is no 
difference caused by different grazing treatments. Only the stocking rate appears to have 
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the greatest affect. Future studies should attempt a higher stocking rate to test the 
treatments in order to push for a more drastic difference between the two treatments.   
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Table 2-1. Percentage cover of the eight most abundant forage species at Brookdale in 
July 2017 in relation to grazing regime that is Continuous (C) or Planned (P), as well as 
cover for total green foliage and standing dead. Probabilities (Pr) are given for the 
comparison of grazing treatments as assessed by analysis of variance for log(x+1) 
transformed data. Means for the three species absent from Replicate C and Replicate D 
were recalculated with omission of these replicates. Data of Rosenkranz and McGonigle 
(unpublished). 
 
Forage Pr All replicates A-G Replicates A, 
B, E, F, and G 
Common name Scientific name C P C P 
% cover 
Kentucky bluegrass Poa pratensis L. 0.20 46 81  
meadow brome Bromus riparius Rehmann 0.036 * 27 12 99 36 
foxtail barley Hordeum jubatum L. 0.38 3 12  
slender wheatgrass Elymus trachycaulus (Link) 
Gould ex Shinners 
0.34 8 15 
chickpea milkvetch Astragalus cicer L. 0.73 10 9 29 24 
orchard grass Dactylis glomerata L. 0.37 4 6  
timothy Phleum pratense L. 0.73 6 6 
alfalfa Medicago sativa L. 0.45 6 8 13 22 
total green foliage  0.13 384 423  
standing dead 0.89 54 57 
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Table 2-2. Descriptive statistics table of MBC, MBN, MBC/MBN, SOC, MBC/SOC for 
Collection II per replicate. 
 
Collection II 
Replicate Variable n Mean SD Minimum Median Maximum 
A MBC 2 931.9 163.12 816.56 931.9 1047.2 
 MBN 2 135.3 8.0 129.6 129.6 140.9 
 MBC/MBN 2 6.94 1.62 5.79 6.94 8.08 
 SOC 2 52.65 0.1693 52.531 52.65 52.77 
 MBC/SOC 2 1.86 0.08 1.80 1.86 1.91 
B MBC 2 752.35 182.4 623.37 752.35 881.32 
 MBN 2 92.6 45.5 60.4 92.6 124.8 
 MBC/MBN 2 8.69 2.30 7.06 8.69 10.32 
 SOC 2 51.21 0.31 50.99 51.21 51.43 
 MBC/SOC 2 1.47 0.35 1.22 1.47 1.71 
C MBC 2 795.21 365.75 536.58 795.21 1053.8 
 MBN 2 120.4 10.9 112.7 120.4 128.1 
 MBC/MBN 2 6.49 2.45 4.76 6.49 8.23 
 SOC 2 53.62 2.87 51.59 53.62 55.65 
 MBC/SOC 2 1.47 0.60 1.04 1.47 1.89 
D MBC 2 1181.7 171.4 1060.5 1181.7 1302.9 
 MBN 2 148.3 32.6 125.2 148.3 171.4 
 MBC/MBN 2 8.04 0.61 7.60 8.04 8.47 
 SOC 2 68.56 13.95 58.69 68.56 78.42 
 MBC/SOC 2 1.73 0.10 1.66 1.73 1.81 
F MBC 2 680.39 86.72 619.07 680.39 741.71 
 MBN 2 58.03 36.89 31.95 58.03 84.12 
 MBC/MBN 2 14.10 7.47 8.82 14.10 19.38 
 SOC 2 54.30 4.44 51.16 54.30 57.43 
 MBC/SOC 2 1.25 0.06 1.21 1.25 1.29 
G MBC 2 1227.3 220.46 1071.5 1227.3 1383.2 
 MBN 2 87.52 20.58 72.96 87.52 102.07 
 MBC/MBN 2 14.12 0.80 13.55 14.12 14.69 
 SOC 2 47.32 2.98 45.21 47.32 49.42 
 MBC/SOC 2 2.58 0.30 2.37 2.58 2.80 
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Table 2-3. Descriptive statistics table of MBC, SOC, MBC/SOC for the month of May in 
Collection III per replicate. 
 
Collection III (May 2017) 
Replicate Variable n Mean SD Minimum Median Maximum 
A MBC 2 1163.40 160.44 1049.90 1163.40 1276.80 
 SOC 2 52.12 5.69 48.10 52.12 56.14 
 MBC/SOC 2 2.23 0.06 2.18 2.23 2.27 
B MBC 2 1137.90 204.20 993.54 1137.90 1282.30 
 SOC 2 52.81 0.53 52.44 52.81 53.19 
 MBC/SOC 2 2.15 0.36 1.89 2.15 2.41 
C MBC 2 624.93 222.73 467.44 624.93 782.42 
 SOC 2 48.21 5.87 44.06 48.21 52.36 
 MBC/SOC 2 1.28 0.31 1.06 1.28 1.49 
D MBC 2 822.29 95.64 754.66 822.29 889.92 
 SOC 2 54.80 3.54 52.30 54.80 57.31 
 MBC/SOC 2 1.50 0.08 1.44 1.50 1.55 
E MBC 2 1120.70 313.35 899.17 1120.70 1342.30 
 SOC 2 53.95 2.29 52.33 53.95 55.57 
 MBC/SOC 2 2.09 0.67 1.62 2.09 2.57 
F MBC 2 1285.40 11.98 1277.00 1285.40 1293.90 
 SOC 2 59.83 10.17 52.64 59.83 67.03 
 MBC/SOC 2 2.18 0.35 1.93 2.18 2.43 
G MBC 2 600.49 135.43 504.73 600.49 696.25 
 SOC 2 69.74 34.58 45.28 69.74 94.19 
 MBC/SOC 2 1.04 0.71 0.54 1.04 1.54 
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Table 2-4. Descriptive statistics table of MBC, SOC, MBC/SOC for the month of June in 
Collection III per replicate. 
 
 
Collection III (June 2017) 
Replicate Variable n Mean SD Minimum Median Maximum 
A MBC 2 955.58 142.72 854.66 955.58 1056.50 
 SOC 2 51.97 7.99 46.32 51.97 57.62 
 MBC/SOC 2 1.84 0.01 1.83 1.84 1.85 
B MBC 2 948.27 45.35 916.21 948.27 980.34 
 SOC 2 51.07 2.17 49.54 51.07 52.61 
 MBC/SOC 2 1.86 0.01 1.85 1.86 1.86 
C MBC 2 848.96 373.52 584.85 848.96 1113.10 
 SOC 2 48.95 0.36 48.70 48.95 49.21 
 MBC/SOC 2 1.73 0.75 1.20 1.73 2.26 
D MBC 2 984.68 223.46 826.66 984.68 1142.70 
 SOC 2 53.32 1.00 52.62 53.32 54.03 
 MBC/SOC 2 1.84 0.38 1.57 1.84 2.12 
E MBC 2 736.18 337.56 497.49 736.18 974.87 
 SOC 2 42.16 8.31 36.29 42.16 48.04 
 MBC/SOC 2 1.70 0.47 1.37 1.70 2.03 
F MBC 2 1110.30 224.02 951.90 1110.30 1268.70 
 SOC 2 53.46 6.40 48.93 53.46 57.98 
 MBC/SOC 2 2.07 0.17 1.95 2.07 2.19 
G MBC 2 1297.50 120.96 1211.90 1297.50 1383.00 
 SOC 2 48.32 9.38 41.69 48.32 54.96 
 MBC/SOC 2 2.71 0.28 2.52 2.71 2.91 
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Table 2-5. Descriptive statistics table of MBC, SOC, MBC/SOC for the month of August in 
Collection III per replicate. 
 
Collection III (August 2017) 
Replicate Variable n Mean SD Minimum Median Maximum 
A MBC 2 1010.70 103.70 937.36 1010.70 1084.00 
 SOC 2 54.41 3.26 52.11 54.41 56.71 
 MBC/SOC 2 1.86 0.08 1.80 1.86 1.91 
B MBC 2 788.24 223.49 630.21 788.24 946.27 
 SOC 2 50.87 5.56 46.94 50.87 54.80 
 MBC/SOC 2 1.53 0.27 1.34 1.53 1.73 
C MBC 2 815.03 88.77 752.26 815.03 877.80 
 SOC 2 51.99 1.73 50.76 51.99 53.21 
 MBC/SOC 2 1.57 0.12 1.48 1.57 1.65 
D MBC 2 1029.20 261.39 844.37 1029.20 1214.00 
 SOC 2 56.61 11.82 48.25 56.61 64.97 
 MBC/SOC 2 1.81 0.08 1.75 1.81 1.87 
E MBC 2 574.93 68.59 526.43 574.93 623.43 
 SOC 2 47.08 5.93 42.89 47.08 51.28 
 MBC/SOC 2 1.22 0.01 1.22 1.22 1.23 
F MBC 2 1158.80 222.37 1001.50 1158.80 1316.00 
 SOC 2 56.54 8.11 50.80 56.54 62.28 
 MBC/SOC 2 2.04 0.10 1.97 2.04 2.11 
G MBC 2 1057.50 238.54 888.83 1057.50 1226.20 
 SOC 2 47.13 0.97 46.44 47.13 47.82 
 MBC/SOC 2 2.24 0.46 1.91 2.24 2.56 
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Table 2-6. Descriptive statistics table of MBC, MBN, MBC.MBN, SOC, MBC/SOC for 
Collection II per treatment. 
 
Collection II 
Treatment Variable n Mean SD Minimum Median Maximum 
Continuous MBC 6 955.57 179.58 619.07 1050.5 1071.5 
 MBN 6 102.1 40.62 31.95 125 102.1 
 MBC/MBN 6 10.98 4.93 7.06 8.35 19.38 
 SOC 6 52.49 4.57 45.21 52.10 58.69 
 MBC/SOC 6 1.83 0.38 1.21 1.85 2.37 
Planned MBC 6 900.73 356.78 536.58 779.13 1383.2 
 MBN 6 111.93 39.75 60.4 107.39 111.93 
 MBC/MBN 6 8.47 3.2 4.76 8.21 13.55 
 SOC 6 56.732 10.966 49.424 52.06 78.42 
 MBC/SOC 6 1.59 0.63 1.04 1.42 2.80 
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Table 2-7. Descriptive statistics table of MBC, SOC, MBC/SOC for the month of May in 
Collection III per treatment. 
 
Collection III (May 2017) 
Treatment Variable n Mean SD Minimum Median Maximum 
Continuous MBC 7 964.53 365.78 467.44 993.54 1342.30 
 SOC 7 58.44 16.32 44.06 52.64 94.19 
 MBC/SOC 7 1.76 0.75 0.54 1.89 2.57 
Planned MBC 7 965.52 248.40 696.25 899.17 1293.90 
 SOC 7 53.40 6.91 45.28 52.36 67.03 
 MBC/SOC 7 1.80 0.38 1.44 1.62 2.41 
 
Table 2-8. Descriptive statistics table of MBC, SOC, MBC/SOC for the month of June in 
Collection III per treatment. 
 
Collection III (June 2017) 
Treatment Variable n Mean SD Minimum Median Maximum 
Continuous MBC 7 978.49 334.44 497.49 1056.50 1383.00 
 SOC 7 51.30 7.53 36.29 54.03 57.98 
 MBC/SOC 7 1.87 0.46 1.20 1.85 2.52 
Planned MBC 7 987.63 136.10 826.66 974.87 1211.90 
 SOC 7 48.49 3.78 41.69 48.93 52.62 
 MBC/SOC 7 2.06 0.43 1.57 1.95 2.91 
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Table 2-9. Descriptive statistics table of MBC, SOC, MBC/SOC for the month of August in 
Collection III per treatment. 
 
Collection III (August 2017) 
Treatment Variable n Mean SD Minimum Median Maximum 
Continuous MBC 7 943.21 316.38 526.43 937.36 1316.00 
 SOC 7 52.54 8.16 42.89 50.76 64.97 
 MBC/SOC 7 1.77 0.47 1.23 1.80 2.56 
Planned MBC 7 895.18 145.12 623.43 888.83 1084.00 
 SOC 7 51.64 3.60 46.44 51.28 56.71 
 MBC/SOC 7 1.73 0.26 1.22 1.75 1.97 
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Table 2-10. Soil analyses for the control and rototilled plots of collections IV (6 July 2017) 
and V (23 August 2017); n = 20 for July and n=18 for August.  
 
Treatment July August 
  
MBC 
(µg g-1) 
SOC (g 
kg-1) 
Field 
Moisture 
(g g-1) 
MBC/SOC 
(%) 
MBC 
(µg g-1) 
SOC (g 
kg-1) 
Field 
Moisture 
(g g-1) 
MBC/SOC 
(%) 
Control 1095 57.5 0.22 2.04 890 53.2 0.41 1.63 
Rototilled 954 55.4 0.16 1.94 794 48.8 0.44 1.67 
P Value 0.18 0.86 0.064 0.71 0.46 0.24 0.16 0.87 
 
Table 2-11. Brandon Airport weather station Canadian Climate data for the growing 
season (May – September) for the years 2016 and 2017. Obtained from Government of 
Canada, Monthly Climate Summaries. 
 
Year Month Mean Temp (°C) Total Precipitation (mm) 
    
2016 May 13 56.4 
2016 June 17 106.4 
2016 July 18.6 98 
2016 August 17.5 48.6 
2016 September 12.7 90.2 
2017 May 11.1 21.4 
2017 June 15.8 70.6 
2017 July 18.9 36 
2017 August 17.1 37.4 
2017 September 12.7 79.2 
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Table 2-12. Brandon Airport weather station Canadian Climate Normals data (1981-2010) 
(Environment Canada, 2018)  
 
 Mean 
Temp 
(°C) 
Total 
Precipitation 
(mm) 
Jan -16.6 17.8 
Feb -13.6 13.5 
Mar -6.2 24.6 
Apr 4 25.8 
May 10.6 59.1 
Jun 15.9 80.7 
Jul 18.5 73.4 
Aug 17.7 65.9 
Sep 11.8 43.7 
Oct 4.1 30.3 
Nov -5.6 18.7 
Dec -14 20.9 
Year 2.2 474.2 
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Figure 2-1. Map of Brookdale Farm showing the replicates and the layout of the study. 
Areas outlined in red were designated Continuous, and areas outlined in yellow were 
designated as Planned areas. Blue lines showed where the replicates for Continuous 
ended. 
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Figure 2-2. Box plot graph of total MBC in Collection I for each replicate; n = 40. 
  
64 
 
 
 
Figure 2-3. Box plot graphs of total MBC in Collection I for each treatment; n = 120. 
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Figure 2-4. Box plot graphs of Collection I MBN per replicate; n = 40. 
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Figure 2-5. Box plot graphs of Collection I MBN per treatments continuous and planned; n 
= 120. 
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Figure 2-6. Box plot graphs of total MBC/MBN in Collection I from treatments planned and 
continuous for each replicate; n = 40. 
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Figure 2-7. Box plot graphs of Collection I MBC/MBN for treatments continuous and 
planned; n = 120. 
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Figure 2-8. (A) MBC in relation to MBN using Collections I and II. The relationship y = 325.4 
+ (6.5 * x) was significant (P < 0.001) by regression analysis of variance, with r2 = 0.50; n = 
252. 
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Figure 2-9. Box plot graphs of total SOC in Collection I for each replicate; n = 40. 
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Figure 2-10. Box plot graphs of total SOC in Collection I for each treatment; n = 120. 
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Figure 2-11. Box plot graphs of MBC/SOC in Collection I for each replicate; n = 40. 
73 
 
 
 
Figure 2-12. Box plot graphs of MBC/SOC in Collection I for each treatment; n = 120. 
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Figure 2-13. MBC in relation to SOC combined for Collections I, II, and III. The relationship 
y = 82.3 + (21.4 * x) was significant (P < 0.001) by regression analysis of variance, with r2 = 
0.21; n = 294. 
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Figure 2-14. Box plot graphs of cattle average daily weight gain (kg) for planned and 
continuous grazing treatments for 2017; n = 25 for continuous and n = 24 for planned. 
Data of Iwanchysko (personal communication). 
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Figure 2-15. Box plot graphs of calf average daily weight gain (kg) for planned and 
continuous grazing treatments for 2017; n = 25 for continuous and n = 24 for planned. 
Data of Iwanchysko (personal communication). 
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Figure 2-16. Box plot graphs for average forage yield (kg ha-1) in 2016 for Planned and 
Continuous grazing regimens; n = 6. Data of Iwanchysko (personal communication). 
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3.  The effect of soil texture on microbial biomass and soil organic 
carbon under continuous and planned cattle grazing regimens 
3.1. Chapter summary 
Possible use of microbial biomass carbon (MBC) as an indicator of soil health 
requires understanding of how this measurement varies in relation to other soil 
properties, which vary themselves across the landscape. This variation is caused by the 
formation of the soil by wind, water, and geological processes. One important such 
variable is soil texture, which is known to potentially change markedly across a given field. 
As part of a sampling strategy during 2017 for a replicated and randomized experimental 
comparison of MBC under two grazing regimens, Continuous and Planned, individual soil 
cores were kept separate for determination of MBC and soil clay content. For each 
combination of the seven replicates and two grazing treatments, 20 cores were taken at 
random coordinates, to give 240 samples in all. Clay content across the experiment varied 
between 5 and 30%. Regression analysis found that both MBC and microbial biomass 
nitrogen (MBN) had significant negative responses to increasing clay content in soil. 
Possible interference of the clay to reduce MBC measurement was considered as an 
explanation, whereby the chloroform fumigant might be adsorbed onto clay and carried 
forward in extracts. However, such an explanation seems unlikely, because MBN showed 
an even stronger negative response to clay content than did MBC. The interpretation is 
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made that clay particles can provide a physical barrier to separate microbes from organic 
matter substrate, thereby limiting microbe production and, thereby, MBC. Bulking of soil 
samples to eliminate textural variables would seem to be needed to reveal any differences 
in MBC generated in response to land management practices. 
3.2. Introduction 
Soil is an integral part of almost every ecosystem and is essential for production of 
food and livestock. Agriculture on the prairies is greatly affected by productivity of soil, 
and productive pastures are important for any farmer raising livestock. Pastures must be 
productive enough to maintain optimal growth of the livestock, or the farmer could incur 
loses. The large, and somewhat uncontrollable variables that affect production in pasture 
are: soil properties, precipitation, and temperature. The variables that farmers tend to 
utilize to optimize growth are: manure management, vegetation cover, and grazing 
management strategies (Gunter & Cole 2016). Ultimately, these variables affect the 
rooting medium on which the plants rely. Soil contains a range of components, including 
soil organic matter (SOM), clay-humus complexes, water, oxygen, microbial communities, 
plant roots, and inorganic materials. All these components can be altered or affected by 
land use and management practices.  
Soil health is often the term used to describe productivity of soil. A healthy soil is 
expected to produce more crops, or forage, and promote the health of the grazing animals 
that rely on it (Doran et al. 1996). The health of the soil relies heavily on its ability to 
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decompose and cycle nutrients through mineralization and immobilization. At the 
forefront of this endeavor are the microbial communities present in the soil.  
Microbial communities are responsible for the breakdown and turnover of SOM. 
Consequently, microbial activity transforms SOM into energy and nutrients in the soil 
(Gonzalez-Quiñones et al. 2011). The SOM is primarily derived from plant matter and the 
composition of the plant matter directly affects the nutrient availability (Kögel-Knabner 
2002). Microbes break down SOM by using their specialized enzymes, either within their 
bodies or more usually by excretion of exoenzymes. By breaking down SOM essential 
nutrients are released into the soil for plants to acquire. Microbes also use the organic 
material for energy and to create new microbial bodies. Most importantly, microbes can 
metabolize carbon (C) and immobilize or mineralize the nitrogen (N) in SOM (Ladd et al. 
1990). Plant residue is an important source of SOM, but microbial residues also provide 
the second largest source of SOM. Upon death, microbes release back into the soil the C, 
N, and other essential minerals within their bodies, back into the soil. 
Soil organic C (SOC) refers to the measurable carbon component of SOM, which is 
important for microbe cellular respiration and cell maintenance. Microbial biomass, 
specifically microbial biomass carbon (MBC) and SOC are often found to have a positive 
relationship (Carter et al. 1999; McGonigle & Turner 2017). MBC responds to inputs of 
organic material, depending on the amount and type of organic material (He et al. 1997). 
SOC includes not only readily available dissolved organic C, such as root exudates or 
decomposition by-products, but also residues of plants, microbes, and animals. In 
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addition, SOC includes humus, and recalcitrant materials, which are those that do not 
decompose readily. Any changes in SOM directly affect the microbial community, thereby 
affecting the available nutrients for plants. For example, soils that have been converted 
from grassland to cropland show a significant change in microbial biomass present 
(McGonigle & Turner 2017; Rosenzweig et al. 2016). This change would suggest that a loss 
of quality or quantity of SOM contributes to a loss in soil health. 
If nutrients are not in excess, microbes will perform immobilization instead of 
mineralisation. Immobilization occurs when there are only enough nutrients available for 
the microbes to maintain their growth and metabolism (Gonzalez-Quiñones et al. 2011). 
Soil health is directly linked to this notion. If nutrients are not being released into the soil, 
then plant growth will suffer. Therefore, if microbial biomass declines, the soil cannot 
provide essential nutrients to plants, causing a decrease in production of forage or crop 
production. The importance of microbes in soil has led to the expectation that they could 
be used as an indicator for soil health (Gonzalez-Quiñones et al. 2011). Microbes might 
provide an early indication of soil health under new land-use practices, because of their 
quick response and sensitivity to changes in the soil (Powlson et al. 1987; Sparling 1992; 
Powlson & Jenkinson 1981a; Mbuthia et al. 2015).  
Chapter 2 assessed microbial biomass under different grazing systems and found 
there was no significant relationship between the grazing systems compared and 
microbial biomass. The soil textural properties from the same study and their relationship 
to soil microbial biomass, will be discussed and analyzed in this paper. 
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3.3. Microbial Biomass and Soil texture 
Soil texture affects the microhabitats in which the microbes live and decompose 
SOM (Franzluebbers et al. 1996; Sparling 1992; Hassink et al. 1993; Hassink 1992). Fine-
textured soils are those that contain high amounts of clay and silt, which create small pore 
spaces and hold more water under tension during drying. Coarse-textured soil are 
comprised of high amounts of sand, and it has larger pore spaces that drain more freely 
under gravity. 
Land-use practices can have an impact the soil structure formed by aggregation of 
particles and the arrangement of aggregates on the microbial communities. Cropland and 
forests are known to have less organic C input than grassland or pasture systems (Sparling 
1992). The increase of organic C inputs in pasture systems is attributed to the abundance 
of roots and the persistent vegetation cover across space and time. Soil texture can 
impact the success of the root systems by impacting porosity, water accessibility, and the 
physical protection of organic matter from decomposition (Blanco-Moure et al. 2016; 
Sparling 1992). Soil texture has implications for landscape as well. Natural landscapes have 
been little affected by agriculture and express a patchiness, or heterogeneity, across the 
land (Fuhlendorf & Engle 2001). Patchiness on rangeland or prairies is important for 
biodiversity which will modify soil health. Soil health has been directly linked to diversity 
of microbial communities. The more abundance and diversity of microbes, the greater 
their ability to access resources in microhabitats (Ferris & Tuomisto 2015; Nunes et al. 
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2012). In turn, more microbes and their diversity will increase decomposition and the 
availability of nutrients for plants. This cycle of microbes providing nutrients to the plants, 
which provide the organic residue in response, has the potential to provide feedback. The 
feedback would be positive when residues promote N release, but negative when they 
promote immobilization. It is this feedback that makes microbial biomass a sensitive 
indicator to changes in soil structure and management. One of the most important factors 
that affect organic matter decomposition as well as the vegetation cover, is the soil clay 
content (Sparling 1992; Marshall 1975; Müller & Höper 2004). 
3.3.1. The Effect of Clays 
Clay minerals are hydrous aluminosilicates with surface and internal charge, cation 
exchange capacity, and water retention properties (Marshall 1975). The three principle 
groups of clay minerals in soil are Kaolinite, montmorillonite, and illite. Differences in 
these three principle groups have varying impacts on microbial biomass. Often, studies do 
not state specifically which clay mineral was present in the soil they were testing. This 
uncertainty may have caused some variability in the relationship found between clay and 
MBC. Some studies have found a positive relationship to increasing clay content to MBC 
(Franzluebbers et al. 1996; Setia et al. 2012;), whereas others have found a negative 
relationship (Sparling 1992; Hassink 1992). 
The surface properties of clays affect the formation of aggregates and the ability of 
the clay to shield organic matter from microbes. The surface charge allows organic and 
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mineral particle surfaces to adhere to the clay, which forms microaggregates (Totsche et 
al. 2018). These surface interactions are important for the formation of the soil structure. 
The organic matter that adheres to the mineral particles acts as a gluing agent to stabilize 
the microaggregates. Stabilized microaggregates are then temporarily combined to form 
macroaggregates by roots and hyphae, as well as by transient extracellular polymeric 
substances and biomolecules (Totsche et al. 2018). 
Most soils develop an aggregate structure due to pedogenesis, or soil development 
(Totsche et al. 2018). Soils are composed of macroaggregates, which are greater than 250 
µm in size, and microaggregates, which are less than 250 µm (Edwards & Bremner, 1964). 
Macroaggregates are less stable than microaggregates, because they are more susceptible 
to disturbance. Disintegration of macroaggregates causes the release of the shielded 
organic material (Totsche et al. 2018). The combined action of drying and sieving has been 
found to affect clay aggregates by crushing and exposing the protected organic materials 
(Rovira & Greacen 1957; Powlson 1980; Aoyama et al. 1999).  
Drying and sieving was found to affect macroaggregates more than 
microaggregates (Aoyama et al. 1999). Microaggregates contained less mineralizable C 
than macroaggregates. When the macroaggregate SOM becomes accessible, there was a 
large amount of C and N mineralization that occurred (Aoyama et al. 1999; Elliott 1986; 
Beare et al. 1994). In a study by Franzluebbers (1999) field-moist and intact soil cores 
were compared to dried and sieved soil cores. The study was to determine if aggregates, 
when broken apart, released organic matter for C and N mineralization. However, both 
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methods compared favorably. Kaolinitic clay was also found not to affect C mineralization 
rates.  
Studies have suggested that clay soils may cause a lower net mineralization of 
SOM when compared to sandy soils (Catroux et al., 1987; Hassink et al., 1990; Ladd et al., 
1990; Verberne et al., 1990; Hassink 1992). Clay in soil has been thought to physically 
protect organic matter from decomposition by microorganisms (Jenkinson & Powlson 
1976; Ladd et al. 1996). Within soil, formations made of clay minerals and other materials 
are referred to as clay aggregates. Formation of clay aggregates is thought shield organic 
matter from decomposition. Soils with less decomposition will inherently have less 
available nutrients. Hassink et al., (1993) proposed two different mechanisms to explain 
the phenomena. First, organic compounds can adhere to clay or can be coated with the 
clay particles (Tisdall & Oades 1982). Second, organics can become trapped by the small 
pore size of the clay aggregates and become inaccessible (Elliot and Coleman, 1988).  
Pore-size distribution will affect the physical protection of organic matter and the 
microhabitats for the microorganisms. Pore-size distribution varies among sand, loam, and 
clay soils. Sandy soil pore distribution consists of pores in the range of 6-30 µm (Hassink et 
al. 1993) and accounts for less total pore volume when compared to clay and loam soils. 
Clay and loamy soils have smaller sized pores, those voids being less than 0.2 µm and 1.2 
µm, respectively (Hassink et al. 1993). The greater abundance of smaller pore size in fine-
textured soils allows for a higher total pore volume. Typical soil bacteria have a diameter 
of less than 0.3 µm (Bae et al. 1972). In clay-loam soils, a large proportion of bacteria 
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could live within many small pores and be protected from predation (Hassink et al. 1993). 
Nematodes, the predator of bacteria, are typically between 15 and 60 µm (Jones et al. 
1969). 
In an experiment by Hassink et al. (1993) prairie soil samples were incubated with 
0.5 M NaOH to determine C mineralization in airtight jars. The trapped CO2 was measured 
by titration. Carbon mineralization rates were found to be higher in loam and clay soils 
when compared to sandy soils, which would suggest there was more microbes present. 
The mass of microbes was determined by microscopic counting, and it was found to be 
higher in clay and loam soils. By fumigation-incubation method, Hassink et al (1993) also 
found higher MBC in the clay and loam soils. In general, Hassink et al (1993) found that C 
and N contents are higher in clay and loam soils. 
Loam and clay soils were found to retain N in the soil more than C (Hassink et al. 
1993). Nitrogen may be more physically protected against decomposition in clay and loam 
soils. Hassink et al. (1993) found that fine sieving sandy soil did not increase N 
mineralization, suggesting that organic N was not physically protected. Clay aggregates 
within the sandy soil were found to protect N by means of adsorption to the clay. In the 
clay and loam soils, after fine sieving, N mineralization greatly increased, more than C 
mineralization, which suggested that materials containing higher amounts of N were 
trapped within aggregates. Hassink et al (1993) concluded that the mechanism behind the 
physical protection in the clay and loam soils was associated with the small pores and not 
with adsorption. Franzluebbers et al. (1996) had a similar finding, in that the pore size of 
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the soil may be more important in controlling the turnover of C and N, rather than the clay 
itself. 
Hassink et al. (1993) applied to their soil samples acridine orange to stain nucleic 
acids and DTAF (5-(4,6-dichlorotriazinyl) aminofluorescein) to stain proteins. Soil particles 
less than 2 µm were not stained, confirming that the material present was not plant 
residues. Results indicated that the clay-protected material most likely consisted of 
organic matter that had been present in the soil over a long period of time and included 
microbial decay products. This interpretation was supported by the findings of 
Franzluebbers et al. (1996), which suggested that the protection provided by clay-rich soils 
could cause microbes to proliferate. Likely, microbial bodies and by-products comprise 
most of the clay-protected material. C and N mineralization rates were also shown to 
increase in coarse-textured soils when organic matter was added, as compared to fine-
textured soils. This slow response in clay soils suggests that microbes within the pores of 
the fine-textured soil may have been unable to reach the added substrate as quickly.  
In the literature review and study conducted by Müller and Höper (2004), clay 
content and MBC had a positive relationship. Clay content of less than 25% in soil 
provided protected microhabitats for microbial communities and, therefore, an increase 
in MBC. Clay content higher than 25% was found not to improve the protection of these 
microhabitats. Müller and Höper (2004) studied cropland soils, and so they suggested this 
positive relationship may be related to rhizodeposition, the exudates deposited by the 
roots, from crops typically planted in silty and loamy soils. The crop rotations studied 
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generally include two years of winter wheat followed by one year of oilseed rape or sugar 
beet. The sandy soils generally had a crop rotation of one year of winter barley, followed 
by two years of maize and sometimes one year of potatoes. Comparatively, the silty and 
loamy soils were receiving more C input than the sandy soils due to the characteristics of 
the cereal plants. 
The chloroform used during the fumigation-extraction process for measuring MBC 
could conceivably adsorb to the surfaces of clay minerals. If subsequently released into 
the extract, this adsorbed chloroform might then contribute to the dissolved organic C 
measured as part of the MBC determination (Alessi et al. 2011). This artifact may have 
occurred in studies that have found a positive relationship between MBC and clay content 
(Setia et al. 2012). Therefore, depending on the method used to determine microbial 
biomass, and the type of clay present in the soils, variation in results could occur. Data 
sets containing such artifacts should be possible to exclude, because independent 
responses to variables would be expected for MBN and MBC in such cases. 
3.4. Materials and Methods 
 This study was done in conjunction with another study (Chapter 2) and used the 
same soil cores. The study was located at Brookdale Research Farm, Manitoba, Canada, a 
site managed by Manitoba Beef and Forage Initiative. Chapter 2 looked at microbial 
biomass as an indicator for soil health under a continuous and planned grazing system for 
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cattle. The site was divided into replicates, A, B, C, D, E, F, and G. Each replicate was 
further divided by grazing regimen, Continuous and Planned.  
3.4.1. Soils 
The soil collection, MBC, MBN, and SOC data was taken from Chapter 2, which 
gave details for the methods of core collection. In 2016 there was two collection periods. 
During the summer of 2016, collection started in June and was completed in August giving 
a total of 240 separate soil core samples. This collection is referred to as Collection I. The 
second collection period started in August and ended in October 2016, giving a total of 12 
combined soil core samples. For the combined soil core samples, 10 random soil cores 
were taken per grazing regimen at each replicate and combined into one sample. This 
collection is referred to as Collection II. 
In 2017, soil collection occurred for all replicates in May, June, and August. The 
same combined soil core method was also used in 2017, producing a total of 42 samples. 
Each replicate was sampled three times. This set of soil samples is referred to as Collection 
III. 
3.4.2. Clay Content Analysis 
A soil texture analysis was performed using the hydrometer method (Gee & Dani 
2002) for each soil sample to determine content of clay. Clay content was determined by 
90 
 
taking the hydrometer reading after 7 hours and subtracting it from the 7-hour 
hydrometer reading for the blank. 
3.4.3. Statistical Analysis 
 The statistical package in Microsoft Excel and Statistix 8 were the programs used to 
carry out the statistical analysis using a value of alpha = 0.05 and the creation of the 
figures. Randomized block analysis of variance (AOV) was used to determine the 
relationship between MBC, MBN, and clay. AOV was also used to determine the 
relationship between clay content, SOC, replicates and grazing regimen. Means were 
compared to find any differences using the Tukey test. Linear regressions were used to 
compare clay content with MBC, SOC, and the quotient MBC/SOC expressed as a 
percentage. Box plot were used to show variability in the data, as well as descriptive 
statistical tables. 
3.5. Results 
3.5.1. Clay content of the study site 
  
Clay content was expressed as a percentage compared among replicates and 
treatments. It was found to vary significantly (P < 0.001) among replicates for Collection I. 
The box plot graphs for Collection I clay had skewed tails to the right for each replicate, 
and no outliers were found (Figure 3-1). Clay did not vary among replicates for Collection 
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II. The descriptive statistical analysis showed that in Collection II clay had similar means 
and medians for each replicate (Table 3-1). In Collection III clay did not vary by replicate 
for all three months (P = 0.13; P = 0.41; P = 0.29, respectively). The descriptive statistics 
for Collection III showed that clay had similar means and medians per replicate (Table 3-2, 
Table 3-3, & Table 3-4). 
The average clay content for Collection I was significantly different (P = 0.006) 
between the two grazing treatments, continuous and planned. The box plots for Collection 
I clay showed some right skew for the continuous treatment, but the centers were similar 
(Figure 3-2). No significant difference (P = 0.22) was found for clay content under the two 
grazing treatments in Collection II. Collection III did not show any significant difference in 
clay content for each month under the treatments (P = 0.75; P = 0.80; P = 0.76). The 
descriptive statistics for Collection II had similar clay content for both treatments, and the 
mean and median per treatment were similar (Table 3-5). Collection III was found to have 
higher clay values than Collection II (Table 3-6, Table 3-7, & Table 3-8). The mean and 
median for each treatment were similar in Collection III. 
MBC and MBN were found to be correlated when analyzed by the sister-study 
(Chapter 2). MBN data was only available for the 2016 soil samples, because of technical 
issues in 2017. For Collection I, MBC was found to decrease significantly (P < 0.001) as clay 
content increased. For Collection II, MBC was found to increase significantly (P = 0.034) 
when clay content increased in Collection III, no relationship between MBC and clay 
content (P = 0.103) was found. 
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In 2016, MBN was found to have similar responses to the soil textures as MBC. A 
significant decrease (P < 0.001) in MBN was found in response to soil clay content for 
Collection I. There was no significant relationship found for MBN for Collection II. 
3.5.2. The relationship between soil organic carbon and clay 
 SOC and MBC showed similar relationships to clay. SOC had a significant (P < 0.001) 
relationship to clay for Collection I. SOC had no significant relationship with clay content 
for Collections II and III. 
3.6. Discussion 
Results showed that microbial biomass is affected by variation in soil texture, 
primarily clay. Clay content was found to be variable across the study site, with low 
minimum values and high maximum values. The mechanisms behind the phenomena are 
uncertain, but MBC and MBN appear to decrease in the presence of increasing clay. 
Collection I, which was comprised of the separate soil samples in 2016, appeared to show 
stronger relationships between microbial biomass and clay. The samples that consisted of 
the bulked soil cores, Collections II and III, showed little to no relationships to clay 
content, but they did have similar MBC and MBN values to Collection I. 
The fact that clay caused a significant decrease in the MBC and MBN values for 
Collection I, is of interest, because other studies have found the opposite affect 
(Franzluebbers et al. 1996; Setia et al. 2012). Several mechanisms could explain why our 
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microbial biomass values decreased in the presence of clay. One such explanation could 
be that during the fumigation-extraction process, it is possible that aggregates of clay 
protected or shielded the chloroform labile C (Setia et al. 2012). The permeation of 
chloroform vapour may also be limited by clay-rich soils, because of the large proportion 
of small, water-filled, pores. Setia et al. (2012), also suggested that consistency in the 
creation of chloroform vapour, such as consistent vacuum pressure, can affect the results. 
Another explanation may revolve around clay mineral aggregates and the 
consistency of clay-rich soils. Some samples in our study that were clay-rich were not 
completely sieved through the 2-mm sieve. Instead, they were broken into the smallest 
pieces by hand and had any large organic material removed. It was chosen to keep these 
samples within the study. These clay-rich soils that did not pass completely through the 2-
mm sieve may have retained more clay aggregates. Therefore, any trapped organic matter 
or microbes were not exposed to the chloroform, leading to less soluble C and N in the 
extract (Aoyama et al. 1999). This explanation would suggest that MBC and MBN had the 
potential to produce higher values in our clay-rich soils, but because of the shielding affect 
by the clay minerals, the permeation of chloroform vapour was lessened. 
The interaction of clay surfaces with organic matter also plays a role in MBC and 
MBN measurements using the chloroform method. Clay minerals have a surface charge 
and cation exchange capacity, and so they have the ability to adhere to other compounds 
such as organic matter and, most importantly, chloroform (Alessi et al. 2011). Depending 
on whether the clay mineral has a 1:1 or a 2:1 structure will determine how reactive they 
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are with other molecules (Schoonheydt & Johnston 2011). The lacustrine nature of clays 
regionally gives expectation that our study site has clay that consisting of mostly 
smectites, illites, or micas, which are 2:1 clay minerals (Last & Teller 2002; Kodama 1979). 
Other studies that have found an increase in MBC in the presence of clay-rich soils 
consisted of kaolinite and montmorillonite (Alessi et al. 2011). We do not know the 
possible temporary adsorption of chloroform to illite. However, we do know that clay 
minerals differ in their adsorption properties (Marshall 1975; Schoonheydt & Johnston 
2011). 
Other studies have found a similar relationship with high clay soils, where MBC 
decreased with higher clay content, but total SOC stayed the same. Sparling (1992) 
studied New Zealand soils and found that larger amounts of non-microbial C was 
contained in clay soils and soils with high allophane, which is a crystalline hydrous 
aluminium silicate clay mineraloid. Sparling (1992) inferred that this could be due to 
greater stabilization of organic C, and slower decomposition rates, which were found in 
New Zealand clay soils and that allophanic soils. Franzluebbers (1999) found that C 
mineralization rate was affected by higher clay content, but not microbial biomass or N 
mineralization. Clearly, the response of microbes and interaction with organic matter 
varies for different clay minerals. 
The explanation that best describes our results lies in the effect of high clay 
content on the microhabitats of soil microbes. Soil aggregates protect organic matter and 
can protect microbial communities (Powlson 1980; Beare et al. 1994; Franzluebbers et al. 
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1996; Verberne et al. 1990). In fine-textured soils, the mineralization rate is found to 
decrease. The spatial distribution and the chemical composition of the available substrate 
for microorganisms may impact their growth (Verberne et al. 1990). This interpretation of 
protection from microbes is further supported by the increase of net mineralization when 
aggregates are disturbed (Gregorich et al. 1989)  
There are many factors that affect microbial biomass. Future research should focus 
on substrate supply relationships, active versus inactive soil fractions, and the microbe 
community structure, specifically fungi versus bacteria (Wang et al. 2003). Microbial 
vitality depends on the community make-up, and models using MBC need to calibrate for 
the variability for each site (Wang et al. 2003). The relationship between clay and 
chloroform needs to be further established and defined (Alessi et al. 2011). Clays should 
be properly characterised, because the three principle clay groups, kaolinite, illite, and 
montmorillonite, all have different chemical properties, sizes, and surface adhesion 
(Marshall 1975). 
3.7. Conclusion 
The affect of clay on the soil health of the Brookdale Research Farm was analyzed 
and soil microbial biomass was used as a soil health indicator. The variables representing 
soil health were: MBC, MBN, MBC/MBN, SOC, and MBC/SOC. In Collection I, variability of 
clay content was found across the site and within the two grazing treatment areas, 
continuous and planned. Grazing treatments did not affect clay content over the two 
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years the study took place. For Collections II and III, the variability diminished, most likely 
caused by the bulking of the soil samples. Clay was found to negatively affect MBC, MBN, 
and SOC in Collection I, but not in Collection II and III. The reason for clay to show more 
relationships in Collection I is most likely because the samples were kept separate. High 
clay content samples generated low microbial biomass. Although clay has been found in 
literature to increase microbial biomass, this was not the case in this study. Clay may be 
limiting access to SOM to the microbes, which would cause a decrease in microbial bodies 
due to the lack of resources. The variability in the soil texture on the site must be at a 
small scale for the not bulked samples to produce relationships while the others did not. 
Bulking of samples may reduce the affect of clay on MBC, which may increase the viability 
of microbial biomass as an indicator. This study exhibited how different methods of soil 
collection may affect results, especially in the case of clay, and that bulking soil samples 
may limit the effects.  
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Table 3-1. Table Descriptive statistics table of clay content for Collection II. 
 
Collection II 
Replicate Variable n Mean SD Minimum Median Maximum 
A Clay 2 14.13 1.17 13.3 14.13 14.96 
B Clay 2 14.13 1.23 13.26 14.13 15.00 
C Clay 2 14.17 1.19 13.32 14.17 15.01 
D Clay 2 15.82 1.17 15.00 15.82 16.65 
F Clay 2 11.64 0.03 11.62 11.64 11.66 
G Clay 2 15.80 1.16 14.99 15.80 16.62 
 
Table 3-2. Descriptive statistics table of clay content for the month of May in Collection III 
per replicate. 
 
Collection III (May 2017) 
Replicate Variable n Mean SD Minimum Median Maximum 
A Clay 2 22.42 1.09 21.65 22.42 23.19 
B Clay 2 24.84 2.24 23.26 24.84 26.42 
C Clay 2 27.47 1.23 26.60 27.47 28.33 
D Clay 2 25.59 3.25 23.30 25.59 27.89 
E Clay 2 18.31 4.75 14.96 18.31 21.67 
F Clay 2 19.12 3.50 16.65 19.12 21.60 
G Clay 2 19.97 2.33 18.32 19.97 21.62 
 
Table 3-3. Descriptive statistics table of clay content for the month of June in Collection III 
per replicate. 
 
Collection III (June 2017) 
Replicate Variable n Mean SD Minimum Median Maximum 
A Clay 2 18.31 2.40 16.61 18.31 20.00 
B Clay 2 18.28 2.43 16.57 18.28 20.00 
C Clay 2 19.14 3.53 16.64 19.14 21.64 
D Clay 2 21.63 0.03 21.61 21.63 21.65 
E Clay 2 18.30 7.07 13.31 18.30 23.30 
F Clay 2 12.48 1.19 11.64 12.48 13.32 
G Clay 2 18.30 0.02 18.29 18.30 18.32 
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Table 3-4. Descriptive statistics table of clay content for the month of August in Collection 
III per replicate. 
 
Collection III (August 2017) 
Replicate Variable n Mean SD Minimum Median Maximum 
A Clay 2 14.16 1.18 13.33 14.16 15.00 
B Clay 2 18.31 0.04 18.28 18.31 18.33 
C Clay 2 19.13 1.22 18.27 19.13 19.99 
D Clay 2 24.10 1.11 23.31 24.10 24.88 
E Clay 2 20.74 5.80 16.64 20.74 24.84 
F Clay 2 14.98 4.72 11.64 14.98 18.32 
G Clay 2 15.82 5.92 11.64 15.82 20.01 
 
Table 3-5. Descriptive statistical table of Collection II clay content per treatment. 
 
Collection II 
Treatment Variable n Mean SD Minimum Median Maximum 
Continuous Clay 6 14.69 1.96 11.62 14.98 16.65 
Planned Clay 6 13.88 1.36 11.66 14.16 15.00 
 
Table 3-6. Descriptive statistics table of clay content for the month of May in Collection III 
per treatment. 
 
Collection III (May 2017) 
Treatment Variable n Mean SD Minimum Median Maximum 
Continuous Clay 7 22.81 3.78 16.65 21.67 28.33 
Planned Clay 7 22.26 4.50 14.96 23.19 27.89 
 
Table 3-7. Descriptive statistics table of clay content for the month of June in Collection III 
per treatment. 
 
Collection III (June 2017) 
Treatment Variable n Mean SD Minimum Median Maximum 
Continuous Clay 7 18.31 3.85 11.64 18.32 23.30 
Planned Clay 7 17.82 3.56 13.31 18.29 21.64 
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Table 3-8. Descriptive statistics table of clay content for the month of August in Collection 
III per treatment. 
 
Collection III (August 2017) 
Treatment Variable n Mean SD Minimum Median Maximum 
Continuous Clay 7 18.52 5.08 11.64 18.32 24.88 
Planned Clay 7 17.84 3.82 11.64 18.28 23.31 
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Figure 3-1. Box plot graph for clay content of Collection I per replicate; n = 40. 
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Figure 3-2. Box plot graphs for clay content of Collection I per treatment; n = 120. 
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Figure 3-3. (A) Decrease of microbial biomass carbon in response to soil clay content for 
Collection I. The relationship y = 1661 + (-28.4 * x) was significant (P = < 0.000) by 
regression analysis of variance, with r2 = 0.08; n = 240. (B) Increase of microbial biomass 
carbon in response to soil clay for Collection II. The relationship y = -494 + (99.6* x) was 
significant (P = 0.034) by regression analysis of variance, with r2 = 0.37; n = 12. (C) 
Microbial biomass carbon in response to soil clay content for Collection III The relationship 
y = 1247.6 + (-14.9 * x) was not significant (P = 0.103) by regression analysis of variance, 
with r2 = 0.065; n = 42. 
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Figure 3-4. (A) Decrease of MBN in response to soil clay content for Collection I. The 
relationship y = 223.7 + (-5.6 * rate) was significant (P = < 0.001) by regression analysis of 
variance, with r2 = 0.26; n = 240. (B) Microbial biomass nitrogen in response to soil clay 
content for Collection II. The relationship y = 10.23 + (6.8 * rate) was not significant (P = 
0.357) by regression analysis of variance, with r2 = 0.09; n = 240. 
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Figure 3-5. (A) Decrease of soil organic carbon in response to soil clay content for 
Collection I. The relationship y = 59.2 + (-0.58 * x) was significant (P = < 0.001) by 
regression analysis of variance, with r2 = 0.07; n = 240. (B) Soil organic carbon in response 
to soil clay content for Collection II. The relationship y = 50.9 + (0.3 * x) was not significant 
(P = 0.873) by regression analysis of variance, with r2 = 0.003; n = 12. (C) Soil organic 
carbon in response to soil clay content for Collection III. The relationship y = 52.2 + (0.02 * 
x) was not significant (P = 0.944) by regression analysis of variance, with r2 = 0.0001; n = 
42. 
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Figure 3-6. (A) Decrease of the ratio of microbial biomass to soil organic carbon in 
response to soil clay content for Collection I. The relationship y = 2.87 + (-0.03 * x) was 
significant (P = 0.001) by regression analysis of variance, with r2 = 0.03; n = 240. (B) 
Increase of the ratio of microbial biomass to soil organic carbon in response to soil clay 
content for Collection II. The relationship y = -0.96 + (0.2 * x) was significant (P = 0.036) by 
regression analysis of variance, with r2 = 0.37; n = 12. (C) The ratio of microbial biomass to 
soil organic carbon in response to soil clay content for Collection III. The relationship y = 
2.4 + (-0.03 * x) was not significant (P = 0.071) by regression analysis of variance, with r2 = 
0.08; n = 42. 
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4. Conclusion 
In this study, the use of microbial biomass as an indicator of soil health was tested. 
Microbial biomass was tested as an indicator for soil health by implementing two grazing 
systems that were thought to affect pasture differently. This difference was presumed to 
be shown by an increase in microbial biomass in the grazing treatment Planned, which 
was thought to increase soil health. Livestock and farm equipment can cause soil 
disturbance by tearing up the soil from use. The relationship between microbial biomass 
and soil disturbance was investigated. The purpose was to determine how high intensity 
disturbance may affect microbial biomass. The affects of soil texture on microbial biomass 
was also investigated. 
Chapter Two looked at how microbial biomass as an indicator could be used to 
determine differences in soil health caused by different grazing systems and the impact of 
disturbance. In Experiment One, the use of the indicator was tested under two different 
grazing regimens, Planned and Continuous grazing by cattle. The planned grazing system, 
which implemented a rotational grazing method, was assumed to increase pasture health. 
This increase in health was assumed to occur because longer rest periods were given to 
the vegetation so that it might flourish. Healthier pasture should increase cattle weight 
gains. Continuous grazing was assumed to decrease pasture health. However, by using 
microbial biomass as an indicator, no statistical difference was found between the two 
grazing systems for both 2016 and 2017. The cattle weight gains and forage weights, our 
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two productivity measures, also showed no statistical difference. This concluded that 
neither grazing regimen, for the two years implemented, was impacting the soil health 
according to our indicator. In Experiment Two, the effect of high disturbance on microbial 
biomass showed a trend towards less microbial biomass in disturbed soils, but no 
statistical difference. Over time, these trends may show a significant difference. General 
trends among the microbial biomass population has potential to show early signs of their 
reaction to land use change.  
Chapter Three showed that microbial biomass has a positive relationship with soil 
texture. The impact of taking separate samples from different landscape positions was 
demonstrated by this experiment. Spatial variability in soil clay content across the 
landscape was evident, and that ranges of clay levels in soil modified microbial biomass. 
Bulking the samples homogenized the affect of the soil texture and negated the impact of 
soil particle size on the microbial biomass. Whether clay decreases or increases microbial 
biomass is not consistent among studies due to different sampling methods. Keeping 
individual cores intact may better exhibit the relationship between microbes and clay.  
Depending on the type of clay minerals present, clay may temporarily absorb 
chloroform, causing a misleading or artifactual increase in MBC from carry-over when 
using methods involving chloroform fumigation. However, we theorize that the clay 
present in our study may not have such qualities, because the MBN showed an identical 
response pattern of decrease with increasing clay content. The interpretation that best 
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suits our data is that clay prevents access of microbes to organic matter, so that clay soils 
genuinely have reduced microbial biomass. 
Overall, microbial biomass has potential to be an indicator for changes in land 
management on soil. This was evident in Experiment 2, where rototilled soils had a trend 
towards a decreasing microbial biomass. Grazing is less destructive and may take longer to 
impact the soil than intense rototilling. Soil texture was shown to have a stronger 
relationship with microbial biomass than land management practices. The importance of 
soil texture on the decomposition of organic matter and shielding of microbes should be 
considered when utilizing microbial biomass as an indicator. Studies must consider the 
type of clay in the soil when analyzing microbial biomass as it appears to have some affect 
on the extraction process. Adsorption of chloroform could account for the higher numbers 
of microbial biomass carbon that some studies have found. Measuring both MBC and 
MBN may help elucidate trends rather than measuring only MBC, especially in cases 
involving clay. Due to the variability of the site’s clay content, taking more samples is 
necessary to better analyze how grazing may affect the soil. More samples would reduce 
the impact that high clay pockets have on the results and assist on finding which replicates 
exhibit higher clay content. Ensuring that each replicate pair has similar soil texture would 
assist in finding differences in MBC and MBN are related to grazing and not soil texture. 
Microbial biomass is sensitive to soil texture and disturbance but has yet to be 
proven to be as sensitive to less destructive or impactful variables in this study. Therefore, 
having an in-depth soil texture analysis for study sites attempting to use microbial biomass 
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as an indicator, would be most beneficial in elucidating the potential impact soil texture 
may have on the results. Soil texture affects soil health in terms of root growth and 
penetration, as well as available nutrients. Microbial biomass decreases in the presence of 
high clay; therefore, it can be concluded that microbial biomass does indeed indicate soil 
health in regard to soil texture. 
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Appendices 
Appendix 1-A. Randomized Complete Block AOV tables for microbial biomass carbon 
(MBC). The table shows replicates (rep), and treatments (treat) for collections I, II, III, IV, 
and V. 
 
MBC for Collection I 
      
Source DF SS MS F P 
treat 1 609958 609958 2.84 0.09 
rep 5 1.39E+07 2788005 12.98 < 0.001 
Error 233 5.01E+07 214849   
Total 239 6.46E+07    
 
MBC for Collection II 
      
Source DF SS MS F P 
treat 1 9024 9024 0.17 0.70 
rep 5 527595 105519 1.95 0.24 
Error 5 270124 54025   
Total 11 806743    
 
MBC for Collection III (May 2017) 
      
Source DF SS MS F P 
rep 6 930144 155024 3.83 0.06 
treat 1 3 3 0 0.99 
Error 6 242865 40477   
Total 13 1173012    
 
MBC for Collection III (June 2017) 
      
Source DF SS MS F P 
rep 6 391880 65313.4 1 0.5 
treat 1 293 292.6 0 0.95 
Error 6 390345 65057.6   
Total 13 1173012    
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MBC for Collection III (August 2017) 
      
Source DF SS MS F P 
rep 6 487033 81172.1 2.03 0.21 
treat 1 8074 8074.2 0.2 0.67 
Error 6 239886 39981   
Total 13 734993    
 
MBC for Collection IV 
      
Source DF SS MS F P 
treat 1 99064 99063.8 1.97 0.1771 
Error 18 903444 50191.3   
Total 19 1002507    
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Appendix 1-B. Randomized Complete Block AOV tables for microbial biomass nitrogen 
(MBN). The table shows replicates (rep), and treatments (treat) for collections I and II. 
 
MBN for Collection I   
      
Source DF SS MS F P 
treat 1 3214 3213.9 1.44 0.23 
rep 5 236202 47240.5 21.24 < 0.001 
Error 233 518335 2224.6   
Total 239 757752    
 
MBN for Collection II 
      
Source DF SS MS F P 
treat 1 289.9 289.87 0.3 0.61 
rep 5 11339.6 2267.92 2.36 0.18 
Error 5 4812.4 962.48   
Total 11 16441.9    
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Appendix 1-C. Randomized Complete Block AOV tables for soil organic carbon (SOC). The 
table shows replicates (rep), and treatments (treat) for collections I, II, III, IV, and V. 
 
SOC for Collection I 
Source DF SS MS F P 
treat 1 199.8 199.769 1.84 0.18 
rep 5 3148.3 629.653 5.79 < 0.001 
Error 233 25356.5 108.826   
Total 239 28704.5    
 
SOC for Collection II 
Source DF SS MS F P 
treat 1 54.067 54.067 1.52 0.27 
rep 5 528.164 105.633 2.98 0.13 
Error 5 177.495 35.499   
Total 11 759.726    
 
SOC for Collection III (May 2017) 
      
Source DF SS MS F P 
rep 6 589.75 98.29 0.46 0.82 
treat 1 88.93 88.93 0.41 0.54 
Error 6 1295.36 215.89   
Total 13 1974.03    
 
SOC for Collection III (June 2017) 
      
Source DF SS MS F P 
rep 6 186.44 31.07 0.78 0.62 
treat 1 27.72 27.72 0.69 0.44 
Error 6 239.99 40.00   
Total 13 454.15    
 
SOC for Collection III (August 2017) 
      
Source DF SS MS F P 
rep 6 193.62 32.27 0.68 0.67 
treat 1 2.81 2.81 0.06 0.82 
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Error 6 283.56 47.26   
Total 13 479.98    
 
SOC for Collection IV 
      
Source DF SS MS F P 
treat 1 0.20 0.20 0.03 0.86 
Error 18 109.73 6.1   
Total 19 109.93    
 
 
SOC for Collection V 
      
Source DF SS MS F P 
treat 1 0.96 0.96 1.46 0.24 
Error 18 11.83 0.66   
Total 19 12.79    
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Appendix 1-D. Randomized Complete Block AOV tables for the microbial biomass carbon 
(MBC) and soil organic carbon (SOC) ratio. The table shows replicates (rep), and 
treatments (treat) for collections I, II, III, IV, and V. 
 
MBC/SOC for Collection I 
      
Source DF SS MS F P 
treat 1 1.234 1.2339 2.53 0.11 
rep 5 67.192 13.4385 27.56 < 0.001 
Error 233 113.625 0.4877   
Total 239 182.051    
 
MBC/SOC for Collection II 
      
Source DF SS MS F P 
treat 1 0.16566 0.16566 1.6 0.26 
rep 5 2.19396 0.43879 4.24 0.070 
Error 5 0.51752 0.1035   
Total 11 2.87714    
 
MBC/SOC for Collection III (May 2017) 
      
Source DF SS MS F P 
rep 6 2.96 0.49 2.27 0.17 
treat 1 0.01 0.01 0.03 0.87 
Error 6 1.30 0.22   
Total 13 4.27    
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MBC/SOC for Collection III (June 2017) 
      
Source DF SS MS F P 
rep 6 1.47 0.25 1.63 0.28 
treat 1 0.13 0.13 0.86 0.39 
Error 6 0.90 0.15   
Total 13 2.50    
 
MBC/SOC for Collection III (August 2017) 
      
Source DF SS MS F P 
rep 6 193.62 32.27 4.39 0.05 
treat 1 2.81 2.81 0.06 0.82 
Error 6 283.56 47.26   
Total 13 479.98    
 
MBC/SOC for Collection IV 
      
Source DF SS MS F P 
treat 1 0.49502 0.49502 1.71 0.21 
Error 18 5.19812 0.28878   
Total 19 5.69313    
 
MBC/SOC for Collection V 
      
Source DF SS MS F P 
treat 1 0.15326 0.15326 0.45 0.51 
Error 16 5.43932 0.33996   
Total 17 5.59259    
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Appendix 1-E. Randomized Complete Block AOV tables for the microbial biomass carbon 
(MBC) and microbial biomass nitrogen (MBN) ratio. The table shows replicates (rep), and 
treatments (treat) for collections I and II. 
 
MBC/MBN for Collection I 
      
Source DF SS MS F P 
treat 1 3.71 3.705 0.73 0.39 
rep 5 1561.37 312.275 61.66 < 0.001 
Error 233 1180.03 5.064   
Total 239 2745.11    
 
MBC/MBN for Collection II 
      
Source DF SS MS F P 
treat 1 18.884 18.8838 0.3 0.61 
rep 5 121.108 24.2215 2.34 0.19 
Error 5 51.824 10.3649   
Total 11 191.816    
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Appendix 1-F. Unweighted least squares linear regression tables for the relationship 
between microbial biomass carbon (MBC) and microbial biomass nitrogen. 
 
 
MBC vs MBN for Collections I & II 
      
Source DF SS MS F P 
Regression 1 3.32E+07 3.32E+07 249.52 < 0.001 
Residual 250 3.32E+07 132844   
Total 251 6.64E+07    
      
Cases Included 252    Missing Cases 0 
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Appendix 2-A. Completely randomized AOV tables for the average daily weight gain of 
cattle. The table shows treatments (treat) for calves and cows. 
 
Average daily weight gain of calves 
      
Source DF SS MS F P 
treat 1 0.10675 0.10675 0.96 0.33 
Error 48 5.35334 0.11153   
Total 49 5.46009    
 
Average daily weight gain of cows 
      
Source DF SS MS F P 
treat 1 0.0444 0.04437 0.07 0.79 
Error 48 29.2334 0.60903   
Total 49 29.2777    
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Appendix 2-B. Randomized complete block AOV table for average forage yield (lbs acre-1) 
for 2016, excluding replicate E. The table shows treatments (treat). 
 
Average forage yield for 2016 
      
Source DF SS MS F P 
treat 1 149224 149224 0.18 0.69 
Error 5 4216310 843262   
Total 1.10E+01 1.74E+07    
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Appendix 3-A. Completely randomized AOV tables for field moisture. The table shows 
treatment (treat) for collections IV and V. 
 
Average field moisture for Collection IV 
      
Source DF SS MS F P 
treat 1 0.49502 0.49502 1.71 0.21 
Error 18 5.19812 0.28878   
Total 19 5.69313    
 
Average field moisture for Collection V 
      
Source DF SS MS F P 
treat 1 0.0073 0.0073 2.12 0.16 
Error 18 0.06189 0.00344   
Total 19 0.06919    
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Appendix 4-A. Randomized complete block AOV tables for clay content (%). The tables 
show treatment (treat) and replicate (rep) for collections I, II, and III. 
 
Clay content for Collection I   
      
Source DF SS MS F P 
treat 1 176.72 176.715 7.62 0.006 
rep 5 878.2 175.639 7.58 < 0.001 
Error 233 5400.44 23.178   
Total 239 6455.35    
 
Clay content for Collection II 
      
Source DF SS MS F P 
treat 1 1.96 1.96 1.95 0.22 
rep 5 23.48 4.7 4.67 0.058 
Error 5 5.03 1.01   
Total 11 30.48    
 
Clay content for Collection III (May 2017) 
      
Source DF SS MS F P 
rep 6 150.09 25.02 2.61 0.13 
treat 1 1.05 1.05 0.11 0.75 
Error 6 57.40 9.57   
Total 13 208.54    
 
Clay content for Collection III (June 2017) 
      
Source DF SS MS F P 
rep 6 90.57 15.09 1.21 0.41 
treat 1 0.84 0.84 0.07 0.80 
Error 6 74.62 12.44   
Total 13 166.03    
 
  
136 
 
Clay content for Collection III (August 2017) 
      
Source DF SS MS F P 
rep 6 148.88 24.81 1.59 0.29 
treat 1 1.61 1.61 0.10 0.76 
Error 6 93.44 15.57   
Total 13 243.93    
 
 
  
137 
 
Appendix 5-A. Unweighted least squares linear regression tables for the relationship 
between microbial biomass carbon (MBC) and clay content (%). 
 
MBC vs. clay content for Collection I 
      
Source DF SS MS F P 
Regression 1 5193079 5193079 20.8 < 0.001 
Residual 238 5.94E+07 249650   
Total 239 6.46E+07    
      
Cases Included 240    Missing Cases 0 
 
MBC vs. clay content for Collection II 
      
Source DF SS MS F P 
Regression 1 302255 302255 5.99 0.034 
Residual 10 504488 50449   
Total 11 806743    
      
Cases Included 12    Missing Cases 0 
 
MBC vs. clay content for Collection III 
      
Source DF SS MS F P 
Regression 1 177550 177550 2.79 0.10 
Residual 40 2543331 63583   
Total 41 2720881    
      
Cases Included 42    Missing Cases 0 
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 Appendix 6-A. Unweighted least squares linear regression tables for the relationship 
between microbial biomass nitrogen (MBN) and clay content (%). 
 
MBN vs. clay content for Collection I 
      
Source DF SS MS F P 
Regression 1 200224 200224 85.47 < 0.001 
Residual 238 557528 2343   
Total 239 757752    
      
Cases Included 240    Missing Cases 0 
 
MBN vs. clay content for Collection II 
      
Source DF SS MS F P 
Regression 1 1399.8 1399.78 0.93 0.36 
Residual 10 15042.1 1504.21   
Total 11 16441.9    
      
Cases Included 12    Missing Cases 0 
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Appendix 7-A. Unweighted least squares linear regression tables for the relationship 
between soil organic carbon (SOC) and clay content (%). 
 
SOC vs. clay content for Collection I 
      
Source DF SS MS F P 
Regression 1 2146.5 2146.49 19.24 < 0.001 
Residual 238 26558 111.59   
Total 239 28704.5    
      
Cases Included 240    Missing Cases 0 
 
SOC vs. clay content for Collection II 
      
Source DF SS MS F P 
Regression 1 2.04 2.0402 0.03 0.87 
Residual 10 757.686 75.7686   
Total 11 759.726    
      
Cases Included 12    Missing Cases 0 
 
SOC vs. clay content for Collection III 
      
Source DF SS MS F P 
Regression 1 0.4 0.4029 0.01 0.94 
Residual 40 3168.61 79.2152   
Total 41 3169.01    
      
Cases Included 42    Missing Cases 0 
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Appendix 8-A. Unweighted least squares linear regression tables for the relationship 
between the ratio of microbial biomass carbon (MBC) and soil organic carbon (SOC) 
(MBC/SOC) and clay content (%). 
 
MBC/SOC vs. clay content for Collection I 
      
Source DF SS MS F P 
Regression 1 5.3 5.3 7.14 0.0081 
Residual 238 176.75 0.74   
Total 239 182.05    
      
Cases Included 240    Missing Cases 0 
 
MBC/SOC vs. clay content for Collection II 
      
Source DF SS MS F P 
Regression 1 1.06 1.06 5.87 0.034 
Residual 10 1.81 0.18   
Total 11 2.88    
      
Cases Included 12    Missing Cases 0 
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Appendix 9-A. Descriptive statistical tables for Collection I replicates. 
 
MBC per replicate of Collection I 
Replicate Variable n Mean SD Minimum Median Maximum 
        
A MBC 40 777.43 281.98 245.24 797.61 1440.2 
B MBC 40 1042.4 358.04 445.73 992.55 2077.7 
C MBC 40 1495.1 432.79 632.1 1451.8 2546.2 
D MBC 40 1243 615.75 440.7 1119.3 3041.5 
F MBC 40 1399.3 450.28 595.8 1387.4 2547.2 
G MBC 40 1333.6 567.73 313.72 1236.1 3717.4 
 
MBN per replicate of Collection I 
Replicate Variable n Mean SD Minimum Median Maximum 
        
A MBN 40 98.052 38.64 37.65 97.15 195.04 
B MBN 40 119.73 38.75 43.66 122.39 215.49 
C MBN 40 104.14 38.43 45.63 105.65 196.43 
D MBN 40 148.9 55.73 78.76 135.8 286.5 
F MBN 40 185.01 60.82 70.93 180.22 343.48 
G MBN 40 160.84 45.8 86.75 153.23 293.38 
 
MBC/MBN per replicate of Collection I 
Replicate Variable n Mean SD Minimum Median Maximum 
        
A MBC/MBN 40 8.2 1.9 4.8 7.7 13.7 
B MBC/MBN 40 8.9 2.2 4.1 8.5 17.2 
C MBC/MBN 40 15.1 3.2 9.9 14.0 25.3 
D MBC/MBN 40 8.2 1.8 5.2 7.7 13.1 
F MBC/MBN 40 7.8 1.7 4.7 7.4 14.0 
G MBC/MBN 40 8.3 2.4 2.5 7.8 19.1 
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SOC per replicate of Collection I 
Replicate Variable n Mean SD Minimum Median Maximum 
        
A SOC 40 46.214 7.0092 25.945 45.934 63.292 
B SOC 40 52.784 10.39 33.876 52.941 89.582 
C SOC 40 47.043 9.8118 31.538 47.077 76.094 
D SOC 40 55.266 10.9 32.987 55.455 78.447 
F SOC 40 53.09 12.538 27.36 54.638 82.75 
G SOC 40 46.712 11.221 29.859 45.221 80.625 
 
MBC/SOC per replicate of Collection I 
Replicate Variable n Mean SD Minimum Median Maximum 
        
A MBC/SOC 40 1.6786 0.5675 0.7621 1.6175 3.1672 
B MBC/SOC 40 1.9556 0.4797 1.0482 1.9288 3.3597 
C MBC/SOC 40 3.1959 0.7376 1.7159 3.2149 5.1769 
D MBC/SOC 40 2.1858 0.7497 0.7755 2.1442 4.3934 
F MBC/SOC 40 2.6458 0.6401 1.6155 2.5421 4.6508 
G MBC/SOC 40 2.8748 0.9365 0.7064 2.8339 6.5993 
 
Clay per replicate of Collection I 
Replicate Variable n Mean SD Minimum Median Maximum 
        
A Clay 40 15.468 5.0473 6.6247 14.906 28.277 
B Clay 40 17.38 5.502 6.6578 16.65 28.277 
C Clay 40 18.87 4.5356 11.475 18.276 29.93 
D Clay 40 15.306 4.4894 8.3556 14.901 26.667 
F Clay 40 14.109 5.4263 6.5509 13.3 24.992 
G Clay 40 13.181 4.1335 4.9884 13.302 23.264 
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Appendix 9-B. Descriptive statistical tables for Collection I treatments. 
 
MBC per treatment of Collection I 
Treatment Variable n Mean SD Minimum Median Maximum 
        
Continuous MBC 120 1265.5 522.21 369.91 1208 3717.4 
Planned MBC 120 1164.7 514.89 245.24 1081.6 3041.5 
 
MBN per treatment of Collection I 
Treatment Variable n Mean SD Minimum Median Maximum 
        
Continuous MBN 120 139.77 57.646 43.657 134.49 343.48 
Planned MBN 120 132.45 54.933 37.654 125.64 301.45 
 
MBC/MBN per treatment of Collection I 
Treatment Variable n Mean SD Minimum Median Maximum 
        
Continuous MBC/MBN 120 9.53 3.27 4.76 8.44 20.07 
Planned MBC/MBN 120 9.28 3.51 2.49 7.97 25.3 
 
SOC per treatment of Collection I 
Treatment Variable n Mean SD Minimum Median Maximum 
        
Continuous SOC 120 51.10 11.07 29.45 50.89 89.58 
Planned SOC 120 49.27 10.82 25.95 48.15 78.45 
 
MBC/SOC per treatment of Collection I 
Treatment Variable n Mean SD Minimum Median Maximum 
        
Continuous MBC/SOC 120 2.49 0.91 0.77 2.36 6.6 
Planned MBC/SOC 120 2.35 0.83 0.71 2.28 5.18 
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Appendix 9-C. Descriptive statistical tables for cattle and calf average daily gains (ADG) per 
treatments, continuous and planned. 
 
Cattle ADG per treatment 
Treatment Variable n Mean SD Minimum Median Maximum 
        
Continuous Cattle ADG 25 0.45 0.47 -0.54 0.52 1.33 
Planned Cattle ADG 26 0.40 0.19 0.00 0.43 0.81 
 
Calf ADG per treatment 
Treatment Variable n Mean SD Minimum Median Maximum 
        
Continuous Calf ADG 24 1.20 0.16 0.93 1.21 1.53 
Planned Calf ADG 26 1.24 0.15 0.95 1.22 1.58 
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Appendix 9-D. Descriptive statistical tables for forage yield (kg ha-1) per treatments, 
continuous and planned. 
 
Forage yield per treatment 
Treatment Variable n Mean SD Minimum Median Maximum 
        
Continuous Forage yield 7 3831.80 1817.80 1883.70 3243.30 6515.80 
Planned Forage yield 7 4470.10 1034.70 2567.50 4486.20 5722.60 
 
